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Submm  Detectors 
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WEI)  PM 
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Materials  Characterization  I 

Lasers  11 
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FUI  AM 

MMW  Devices  I 

Semiconductors 

Lasers  III 

Gyrotron  VI 

I'KI  PM 

MMWDcviccs  II 

Materials  Characterization  II 

SubMM  Waves 

Gyrotron  &  FEL 

Morning  sessions  begin  at  0900  hours.  Afternoon  sessions  begin  at  1400  hours.  Friday  afternoon  sessions 
begin  at  1300  hours. 

Invited  Keynote  papers  are  allotted  40  minutes;  contributed  papers  20  minutes.  Speakers  are  expected  to  allow 
some  of  their  t  me  for  discussion,  but  they  rarely  do  that.  Therefore,  several  opportunities  have  been  provided 
for  listeners  to  question  the  speakers  personally,  namely,  between  0800  and  0900  hours  when  we  have  all 
gathered  for  breakfast,  between  1000  and  1100  hours  when  some  delegates  will  be  having  coffee  (also  1500  to 
1600  hours),  and  at  the  late  afternoon  receptions. 

A  convenient  gathering  place  will  be  the  exhibit  area  on  Tuesday  and  Wednesday. 
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NOTES  FROM  THE  PROGRAM  CHAIR 


When  this  conference  is  held  in  North  America,  it  is  essentially  The  Millimeter  Wave  Conference.  Thirty  of  the 
thirty-six  sessions  lie  exclusively  in  the  realm  of  millimeter  waves,  that  is,  35  to  300  GHz.  Measures  are  being 
devised  by  the  Program  Chair  to  increase  the  submillimeter  component,  but  his  appeal  to  the  submillimeter 
scientists  remains  his  strongest  measure. 

lA  glance  at  the  program  (previous-pagejshows  that  we  have  our  usual  Millimeter  Wave  Week  and  our  usual 
Free  Electron  Laser  and  Gyrotron  Week.  But  we  now  have  another  symposium  on  millimeter  wave 
measurement  techniques  applied  to  the  characterization  of  materials  and  the  tabulation  of  their  millimeter  wave 
properties.  Another  new,  and  growing,  component  is  the  Microwave-Optical  Interactions.  - - — 


This  Program  has  been  organized  through  the  diligent  and  sustained  efforts  of  the  following  individuals: 


Program  Council 


James  C.  Wiltse,  Georgia  Tech  Research  Institute 
Richard  J.  Temkin,  MIT 
Koji  Mizuno,  Tohoku  University  (Japan) 
Kenneth  J.  Button,  MIT 

M.  von  Ortenberg,  Universitat  Wurzburg  (FRG) 


>  7  ' 


Special  Program  Topics 

Mohammed  N.  Afsar,  Tufts  University  &  MIT 

Tatsuo  Itoh,  University  of  Texas  at  Austin 

Jerald  R.  Izatt,  University  of  Alabama 

Chi  H.  Lee,  University  of  Maryland 

George  J.  Simonis,  U.S.  Army  Harry  Diamond  Laboratories 


Program  Advisors 

Igor  Alexeff,  University  of  Tennessee 
Frank  DeLucia,  Duke  University 

Margaret  Frerking,  Jet  Propulsion  Laboratory,  California  Institute  of  Technology 
V.  Granatstein,  University  of  Maryland 
Armand  Hadni,  Universite  Nancy  (France) 

Fritz  Kneubuhl,  ETH,  Zurich  (Switzerland) 

Li  Si-fan,  Nanjing  Institute  of  Technology  (China) 

R.  W.  McMillan,  Georgia  Tech  Research  Institute 

J.  Nishizawa,  Tohoku  University  (Japan) 

K.  Sakai,  Osaka  University  (Japan) 

U.  Strom,  Naval  Research  Laboratory 
F.  Strumia,  Universita  di  Pisa  (Italy) 


Digest  Editor:  Richard  J.  Temkin,  MIT  Plasma  usion  Center 

Exhibit  Manager  and  Executive  Secretary:  Mv-hammed  N.  Afsar,  Tufts  University  and  MIT 
Program  Chain  Kenneth  J.  Button,  Massachusetts  Institute  of  Technology 
Liaison  in  Japan:  T.  Matsui,  Communications  Research  Laboratory  (Japan) 


NOTES  FROM  THE  PROCEEDINGS  EDITOR 


The  Proceedings  of  this  Conference  can  be  obtained  for  $50  by  subscribing  through  the  Editor,  Ken  Button,  to 
the  12  issues  of  the  International  Journal  of  Infrared  and  Millimeter  Waves  to  be  published  in  the  year  1989, 
namely,  Volume  10.  This  special  rate  is  available  only  to  individuals  during  the  month  of  the  Conference  when 
the  bulk  subscription  is  prepared.  Otherwise,  direct  subscription  through  Plenum  Publishing  Company  is 
about  $300.  The  Proceedings  papers  appear  throughout  the  year  along  with  additional  papers  in  the  millimeter 
and  submillimeter  (far-infrared)  area.  The  Journal  contains  about  1500  pages  each  year. 

The  Journal  was  established  about  ten  years  ago  to  serve  as  an  economical  method  of  publishing  the  Proceedings 
and  also  to  provide  a  central  source  for  literature  that  is  unique  to  this  region  of  the  electromagnetic  spectrum. 
Each  speaker  at  the  annual  Conference  is  expected  to  submit  a  definitive  Proceedings  paper.  The  paper  should 
be  comprehensive  because  there  is  no  deadline;  the  paper  is  published  in  the  next  monthly  issue  after  it  is 
received. 

Under  normal  circumstances,  an  annual  subscription  to  a  monthly  journal  is  not  an  economical  way  to  provide 
a  Proceedings.  Thus  one  never  sees  this  done  for  other  conferences.  But  a  specially  negotiated  arrangement  was 
made  between  the  Editor  and  the  Publisher  at  the  time  the  J  oumal  was  started.  Once  each  year,  at  the  time  of  the 
Conference,  the  Editor  must  collect  $50  from  each  subscriber  and  make  up  a  bulk  subscription.  The  Publisher, 
Plenum  Publishing  Company,  must  be  spared  the  paperwork,  billing,  and  so  on,  the  Editor  must  do  all  the 
work.  The  Editor,  in  turn,  appeals  to  each  delegate,  please,  to  make  this  process  simple. 

If  you  wish  to  take  advantage  of  this  special  rate  for  the  Proceedings,  please  prepare  a  check  (payable  to  Ken 
Button),  a  money  order,  or  cash  and  convey  it  to  the  Editor  during  the  month  of  December. 


MILLIMETER  WAVE  BOOKS 

Eighteen  books  have  been  published  by  Academic  Press.  Now  the  series  of  books  will  be  reorganized  and 
published  at  about  one-third  the  previous  prices.  Moreover,  the  topics  will  be  selected  in  millimeter-wave 
engineering  where  a  larger  circulation  can  be  expected. 


FUTURE  CONFERENCES 


The  next  conference  (the  Fourteenth  Annual  SPIE  International  Conference  on  Infrared  and  Millimeter 
Waves)  will  be  held  at  the  University  of  Wurzburg,  in  the  City  of Wurzburg,  Federal  Republic  of  Germany, 
23-27  October  1989.  Wurzburg  is  located  about  two  hours  east  of  Frankfurt,  by  train.  Some  of  us  will  recall 
the  excellent  Fifth  Conference  held  in  Wurzburg  in  October  1980.  Our  host  will  be: 

Prof.  Dr.  Michael  von  Ortenberg 
Physikalisches  Institut  der  Universitat  Wurzburg 
Rontgenring  8 
87  Wurzburg 

Federal  Republic  of  Germany 

The  lecture  halls  of  the  University  in  the  center  of  the  city  will  be  used.  The  delegates  will  have  their  choice  of  a 
variety  of  very  comfortable  hotels  nearby.  The  General  Chair  of  this  series  of  conferences  and  the  Editor  of  the 
Proceedings  is 

Kenneth  J.  Button 
Box  72,  M.I.T.  Branch 
Cambridge,  MA  02139  USA 
(617)489-4353  or  (617)253-5561 
Telex  92-1473;  FAX  (617)253-0807 

The  1990  Conference  will  be  held  in  North  America.  The  Program  Chair  has  nearly  completed  the 
arrangements  at  this  writing. 

It  should  be  obvious  that  the  main  objective  of  the  planners  of  these  conferences  is  to  provide  an  opportunity 
for  everyone  in  our  profession  to  attend  frequently.  For  example,  the  1988  Conference  is  intended  to  be  the 
"Japan  Conference  in  Honolulu,”  where  the  delegates  from  Japan  will  be  specially  invited. 


(winter  address) 

Box  2455 

Satellite  Beach,  FL  32937  USA 
(407)777-7293 


TECHNICAL  EXHIBIT 

The  second  annual  trade  show  will  be  held  this  year  on  Tuesday  and  Wednesday,  6-7  December.  This  exhibit 
will  be  held  on  a  modest  scale  at  an  exhibit  hall  adjacent  to  the  lecture  halls.  It  is  hoped  that  each  delegate  will 
take  a  few  moments  to  look  at  the  few  exhibits  by  way  of  welcoming  our  friends  and  colleagues  who  help  us 
ultimately  with  their  professionally  designed  and  engineered  instruments. 


NOTES  FROM  THE  DIGEST  EDITOR 

The  Conference  Digest  for  this  Thirteenth  International  Conference  again  attests  to  the  dynamic  growth  in  the 
field  of  infrared  and  millimeter  waves. 

The  Digest  is  a  convenient,  timely  reference  work  in  the  field  of  infrared  and  millimeter  waves.  Copies  of  the 
Digest  may  be  purchased  from  SPIE  at  the  address  given  on  the  title  page.  Papers  in  the  Digest  may  be  referred  to 
in  journal  articles  by  citing  the  SPIE  Volume  Number.  Many  libraries  throughout  the  world  acquire  SPIE 
publications  for  their  collections.  For  this  reason  a  paper  contributed  to  this  Digest  represents  an  important 
research  contribution. 

The  Digest  Editor  would  like  to  thank  Ms.  Carol  Arlington  for  her  outstanding  effort  in  organizing  and 
arranging  the  material  in  this  Digest  and  for  serving  as  Assistant  Registrar. 


EXHIBITION  GUIDE 


The  second  annual  millimeter  wave  exhibit  will  be  held  in  the  AHI  /  MAHI 
room  (3rd  floor),  at  the  Pacific  Beach  Hotel,  Waikiki  Beach,  Honolulu  for  two 
full  days,  Tuesday  and  Wednesday,  December  6  and  7, 1988  from  8  AM  to  8  PM. 
The  list  below  represents  information  available  at  press  time. 


Mohammed  N.  Afsar 
Exhibit  Manager 


DORADO  COMPANY,  SEATTLE,  WASHINGTON 

Antennas,  Attenuators,  Bends,  Detectors,  E-H  tuners,  Ferrite  Devices,  Filters, 
Frquency  Meters,  Hybrid  Tees,  Loads,  Mixers,  Gunn  Oscillators,  Phase  Shifters, 
Power  Meter,  Shorts,  Straights,  Switches,  etc.  18-170  GHz 

W.  L.  GORE  ASSOCIATES,  NEWARK,  DELWARE 

GORE-TEX  Dielectric  Waveguide  Assemblies  from  18  to  100  GHz  with 

flexibility,  Long  flex  life  and  low  insertion  loss.  GORE-TEX  Microwave  cables 

HEWLETT-PACKARD  COMPANY,  SANTA  ROSA,  CALIFORNIA 
Millimeter  Wave  Network  Analyzer 

HUGHES  AIRCRAFT  COMPANY,  TORRANCE,  CALIFORNIA 
Millimeter  Wave  Sources,  Millimeter  Wave  Devices,  Millimeter  Wave 
Components  and  Submillimeter  Wave  Products 

MICRO-NOW  INSTRUMENTS  COMPANY,  SKOKIE,  ILLINOIS 
Millimeter  Wave  Instrumentation 

MM-WAVE  TECHNOLOGY  INC.,  WALNUT,  CALIFORNIA 
Millimeter  Wave  Components,  Antennas,  Subassemblies  and  Subsystems 

SYSTRON  DONNER  CORPORATION,  CONCORD,  CALIFORNIA 
Microwave  and  Millimeter  Wave  Frequency  Counters  and  Signal  Generators  and 
Microwave  Repeater  Checker 

WATKINS-JOHNSONS  COMPANY, PALO  ALTO,  CALIFORNIA 
Millimeter  Wave  Products 

WILTRON  COMPANY,  MORGAN  HILL,  CALIFORNIA 
Millimeter  Wave  Vector  Network  Analyzer 


vti 


SESSION  Ml _  SESSION  M2 


_ Ballroom  (Mauka)  7th  Floor _ 

Monday  AM  December  5, 1988 


R.  W.  McMillan,  Presider 


_ MMW  SOURCES  I _ 

Ml.l  MMW  GRID  OSCILLATORS  -  (Invited  Keynote,  40  min.)  -  D. 
Rutledge,  Z.B.  Popovic  and  M.  Kim,  Cal  Tech,  Pasadena,  CA 
91125 _ 

M1.2  A  FEEDBACK  MODEL  OF  MILLIMETRE  WAVE  HARMONIC 
OSCILLATORS  AND  ITS  APPLICATION  -  J-P.  Xu  and  S-F. 
Li,  Southeast  Univ,  Nanjing,  P.R.  China 

M1.3  TIME  DEPENDENT  SIMULATION  OFTHEQUANTUM  WELL 
INJECTION  TRANSIT  TIME  DIODE  -  D.R.  Miller,  V.P.  Kesan, 
R.L.  Rogers,  C.M.  Maziar,  and  D.P.  Neikirk,  Dept  of  Elec  and 
Cmptr  Engr,  U  of  Texas  at  Austin,  Austin,  TX  78712 

M1.4  LINEAR  ANALYSIS  OF  THE  HIGH-POWER  MAGNETRON 
-  R.  Stark  and  H.  Uhm,  Naval  Surface  Warfare  Center,  Silver 
Spring,  MD 

Ml. 5  POWER  COMBINING  FET  OSCILLATOR  USING  COUPLED 
RAMPART  LINE  ANTENNAS  -  J.  Birkeland  and  T.  Itoh,  Dept 
EE,  University  of  Texas,  Austin,  TX 

M1.6  A  94/47  GHz  FREQUENCY  HALVER  USING  A  GaAs  GUNN- 
DEVICE-  H.  Barth,  AEG  Aktiengesellschaft,  Sedanstrasse  10/Post- 
box  1730,  7900UIm/F.R.Germany _ 

M1.7  DESIGN  OF  A  Ka-BAND  TWO-WAY  POWER  COMBINING 
SOURCE  MODULE  USING  PLANAR  CIRCUIT  APPROACH  - 
F-M.  Yang  and  C-K.  C.  Tzuang,  I  of  Comm  Engr,  Natl  Chiao 
Tung  U,  Hsinchu,  Taiwan,  R.O.China 

M1.8  PARAMETRIC  ANALYSIS  OF  GalnAs  DEVICES  FOR  MM- 
WAVE  APPLICATIONS  -  A.R.  Jha,  JHA  Technical  Consulting 
Services,  12345  Charlwood  St,  Cerritos,  CA  90701 

M1.9  LARGE  SIGNAL  CHARACTERISTIC  OF  GUNN  DIODE  IN 
FUNDAMENTAL  MODE  AND  HARMONIC  MODE  MMW  OS- 
CILLATOR-  N.  Chen,  S.F.  Li,  Z.L.  Sun,  Dept  Radio  Engineering, 
Southeast  Univ,  Nanjing,  PRC 


_ Mahimahi  Room.  3rd  Floor _ 

Monday  AM  December  5,  1988 


_ MMW  MODULATION  OF  LIGHT _ 

Chi  Lee,  Presider 

M2.1  ADVANCED  LIGHTWAVE  TECHNOLOGY  -  VERY  LARGE 
CAPACITY  OPTICAL  COHERENT  COMMUNICATIONS  -  (In¬ 
vited  Keynote,  40  min)  -  K.  Nosu,  NTT  Labs,  Take  1-2356,  Tokosuka- 
shi,  Kanagawa-ken,  Japan  238-03 

M2.2  MICROWAVE  MODULATION  OF  LIGHT  (Invited,  SO  min)  - 
T.  Seuta,  Dept  of  Elec  Engr,  Osaka  Univ,  Toyonaka-Shi,  Osaka 
560  Japan 

M2.3  GENERATION  AND  DETECTION  OF  MILLIMETER  WAVE 
MODULATED  LIGHT  WITH  HIGH  SPEED  DIODE  LASERS 
AND  PHOTODETECTORS  -  (Invited,  30  min) -I.  Bowers,  Dept 
Elec  And  Cmptr  Engr,  U  of  California,  Santa  Barbara,  CA  93106 

M2.4  MMW  MODE-LOCKING  OF  SEMICONDUCTOR  LASERS  - 
(Invited,  30  min)  -  R.  Tucker,  U.  Koren,  G.  Raybon,  C.  A.  Burrus, 

G.  E.  Eiscnstein,  Bell  Telephone  Laboratories,  Holmdel,  NJ  07733 

M2.S  OPTICALLY  CONTROLLED  MILLIMETER  WAVE  PHASED 
ARRAY  ANTENNAS  -  (Invited,  30  min.)  -  P.  R.  Herczfeld 
and  A.  S.  Daryoush,  Center  for  Microwave/Lightwave  Engineer¬ 
ing,  Drcxel  Univ.,  Philadelphia,  PA  19101 

M2. 6  GaAs  TRAVELING-WAVE  OPTICAL  MODULATOR  USING  A 
MODULATED  COPLAN  AR  STRIP  ELECT  RODE  WITH  PE¬ 
RIODIC  CROSS-TIE  OVERLAY  -  H.-Y.  lee  and  T.  Itoh,  Dept 
Elec  and  Cmptr  Engr,  The  U  of  Texas  at  Austin,  Austin,  TX 


vlii 


SESSION  M3 


SESSION  M4 


_ Papio  Room.  3r~  Floor _ 

Monday  AM _ December  5,  1988 

_ MMW  ANTENNAS _ 

_ J.  M.  Mink.  Presider _ 

M3.1  A  NEW  CLASS  OF  SCANNABLE  MILLIMETER  WAVE  AN¬ 
TENNAS  (Invited  Keynote)  -  Arthur  A.  Oliner,  Polytechnic  Uni¬ 
versity,  333  Jay  St,  Brooklyn,  NY  11201 

M3. 2  INTEGRATED  CIRCUIT  ACTIVE  ANTENNA  ELEMENTS  AND 
SPATIAL  POWER  COMBINING  (Invited  Keynote)  -  Kai  Chang, 
K.A.  Hummer  and  J.L.  Klein,  Texas  A&M  Univ.,  College  Station, 
TX  77843 _ 

M3.3  DETECTOR  ANTENNA  ARRAY  WITH  A  DIELECTRIC  LENS 
FOR  MILLIMETER-WAVE  IMAGING  -  K.  Uehara,  T.  Yonekura, 

H.  Nishimura,  K.  Mizuno,  Research  Inst  of  Elec  Communication, 
Tohoku  Univ,  Sendai,  980  JAPAN;  D.  B.  Rutledge,  California  I  of 
Technology,  Pasadena,  CA  91125 

M3. 4  OMNI-DIRECTIONAL  PERIODIC  ROD  ANTENNA  TMon  MODE 
EXCITATION  -  S.  Xu,  Dept  of  Radio  and  Electronics,  U  of  Sci- 
cnce  and  Technology  of  China,  Hefei,  Anhui,  P.  R.  CHINA _ 

M3. 5  EFFICIENCY  OF  MM-WAVE  HORN  IMAGING  ARRAYS  -  G. 

M.  Rabciz,  Y.  Guo,  P.  A.  Stimson  and  D.  B.  Rutledge,  California 
I  of  Technology,  Pasadena,  CA  91125 

M3.6  ANTENNAS  ON  LAYERED  SUBSTRATES  -  R.  L.  Rogers,  D. 

P.  Neikirk,  II.  Ling  and  T.  Itoh,  Univ.  Texas,  Austin,  TX  78712 


_ Ballroom  (Makail,  7th  Floor _ 

Monday  AM  December  5,  1988 


FEL  I 


A.K.  Ganguly,  Presider 

M4.1  NEW  DIRECTIONS  IN  MMW  VACUUM  ELECTRONIC  RE¬ 
SEARCH  -  (Invited  Keynote)  R.J.  Barker,  U.S.  Air  Force  Office 
of  Scientific  Research,  AFOSR/NP  Bolling  Air  Force  Base,  DC 
20332-6448 _ 

M4.2  SHORT-PERIOD  WIGGLER  FREE  ELECTRON  LASER  WITH 
A  SHEET  ELECTRON  BEAM  -  (Invited  Keynote)  J.H.  Booske, 
Lab  for  Plasma  Research,  U  of  Maryland,  College  Park,  MD  20742 

M4.3  TUNABLE  MICRO-UNDULATORS  FOR  FREE  ELECTRON 
LASERS  -  S.C.  Chen,  G.  Bekefi  and  S.  DiCecca,  Dept  Physics 
and  Plasma  Fusion  Center,  MIT,  Cambridge,  MA  02139 

M4.4  THE  EFFECT  OF  WIGGLER  FIELD  ERRORS  ON  THE  PER¬ 
FORMANCE  OF  FELs  -  E.  Esarey,  W.  Marable,  Berkeley  Re¬ 
search  Associates,  Springfield,  VA;  C.M.  Tang  and  P.  Sprangle, 
Plasma  Physics  Div,  Naval  Research  Lab,  Washington,  DC  20375- 
5000 _ 

M4.5  COLLECTIVE  INSTABILITY  IN  CIRCULAR  FREE  ELECTRON 
LASER  -  Y.  Kawai,  H.  Saito,  Inst,  of  Space  and  Astron.  Science, 
Yoshinodai.  Sagamihara,  Japan  229;  J.  Wurtele,  MIT  Plasma  Fu¬ 
sion  Center,  167  Albany  St  NW16,  Cambridge,  MA  02139 

M4.6  THE  ANALYSIS  OF  RADIATION  HARMONICS  IN  THE  FEL 
USING  THE  SOURCE  DEPENDENT  EXPANSION  METHOD  - 
C.M.  Tang,  P.  Sprangle,  Plasma  Physics  Div,  Naval  Research  Lab, 
Washington,  DC  20375-5000;  S.  Riyopoulos,  Science  Applications 
Inti.  Corp,  McLean,  VA 

M4.7  SUPPRESSION  OF  SIDEBANDS  BY  DIFFRACTION  IN  A  FEL 
-  T.M.  Antonsen,  Jr.,  Lab  for  Plasma  Research,  U  of  Maryland, 
College  Park,  MD  20742;  G.  Laval,  Ecole  Polytechnique,  France 

M4.8  ANALYSIS  AND  NONLINEAR  SIMULATION  OF  A  HELICAL 
QUADRUPOLE  WIGGLER  FOR  MILLIMETER  WAVES  -  J.E. 
Scharer,  S.F.  Chang,  and  O.C.  Eldridge,  Univ  of  Wisconsin,  Madi¬ 
son,  WI 


SESSION  M5 


SESSION  M6 


Ballroom  (Mauka).  7th  Floor 


Monday  PM  December  5,  1988 


MMW  SOURCES  II 


S-F.  Li,  Presider _ 

M5.1  DEVELOPMENT  OF  HIGH  EFFICIENCY  FREQUENCY  MUL¬ 
TIPLIERS  FOR  130-350  GHz  -  T.  Tolmuncn,  A.  Raisanen  and  M. 
Slronen,  Helsinki  U  of  Tech,  Radio  Lab,  Otakaari  5  A,  SF-02150 
Espoo,  Finland 

M5.2  PERIODIC  MONOLITHIC  MILLIMETER-WAVE  QUANTUM 
WELL  OSCILLATOR  -  A.  Mortazawi,  V.P.  Kcsan,  D.P.  Ncikirk, 
and  T.  Iloh,  Dept  Elec  &  Cmptr  Engr,  The  U  of  Texas  at  Austin, 
Austin,  TX  78712 _ 

M5.3  RIGOROUS  FIELD  ANALYSIS  OF  IMPEDANCES  OF  SOME 
MILLIMETER  WAVE  OSCILLATOR  CAVITIES  -  W.  Hong  and 
S-F.  Li,  Southeast  U,  Nanjing,  P.R.  China 

MS. 4  THEORY  OF  THE  DIOCOTRON  INSTABILITY  IN  HIGH  PO¬ 
WER  MAGNETRON  -  II.S.  Uhm  and  H.C.  Chen,  Naval  Surface 
Warfare  Center,  White  Oak,  Silver  Spring,  MD  20903-5000;  II. E. 
Brandt,  Harry  Diamond  Laboratory,  Adelphi,  MD  20783-1197 

M5.5  POWER  COMBINING  SYSTEM  USING  TWO  PUSH  PULL 
POWER  AMPLIFIERS  -  S.  Toyoda,  Dept  Elec  Engr,  Osaka  I  of 
Tech,  5-16-1  Omiya  Aaahi-ku,  Osaka  535,  Japan 


MS.6  QUASI-OPTICAL  RESONATOR  FOR  MILLIMETER  AND  SUB¬ 
MILLIMETER  WAVE  SOLID-STATE  SOURCES  -  M.  Hicda,  M. 
Nakayama,  K.  Mizuno,  T.  Ajikata  and  D.B.  Rutledge*,  Research 
I  of  Elec  Comm,  Tohoku  U,  Sendai  980,  Japan;  ‘California  I  of 
Tech,  Pasadena,  CA  91125 

MS. 7  NUMERICAL  SIMULATION  OF  THE  DIOCOTRON  INSTA¬ 
BILITY  IN  PLANAR  DIODE  GEOMETRY  -  II.C.  Chen  and  H.S. 
Uhm,  Naval  Surface  Warfare  Center,  White  Oak,  Silver  Spring, 
MD  20903-5000 


Mnhininhi  Boom,  3rd  Floor 


Monday  PM 


December  5,  1988 


OPTICAL  TECHNOLOGY  FOR  MMW 


Thtsuo  Itoh,  Presider 

M0.1  PICOSECOND  OPTOELECTRONICS  AND  MILLIMETER-WAVE 
TECHNOLOGY  -  (Invited,  40  min.)  -  C.H.  Lee,  Dept  Elec  Engr, 

U  of  Maryland,  College  Park,  MD  20742 

M6.2  OPTICAL  GENERATION  AND  CONTROL  OF  MILLIMETER 
WAVES  -  Invited,  30  min  -  L.  Goldberg,  Naval  Research  Labs, 
Washington,  DC 

MO. 3  EXPERIMENTAL  PERFORMANCE  OF  AN  OPTICALLY  CON¬ 
TROLLED  COPLANAR  WAVEGUIDE  PHASESHIFTER  WITH 
A  THICK  GaAs  BURIED  LAYER  -  P.  Cheung,  D.P.  Ncikirk  and 
T.  Itoh,  U  of  Texas,  Austin,  TX 

MC.4  STRUCTURAL  CONTROL  OF  MICROSTRIP  DISPERSION  FOR 
SHAPING  GICA-HERTZ-BANDWIDTH  PULSES  -  E.  Yamashita, 
K.  Atsuki  and  Y.  Qian,  U  of  Elcctro-comm.,  Chofu-shi,  Tokyo, 
Japan  182 

M0.5  OPTOELECTRONICS  AND  ELECTROMAGNETICS:  VIDEO 
TO  VISIBLE  -  Invited,  30  min  -  A.P.  DcFonzo,  Dept  of  Elec  & 
Cmptr  Engr,  U  of  Massachusetts,  Amherst,  MA  01003 


MO.O  INVERTED  SLOT  LINE  FOR  MILLIMETER-WAVE  OPTICAL 
MODULATOR  -  T.  Yoncyama  and  T.  Kato,  Research  I  of  Elec 
Comm,  Tohoku  U,  2-1-1  Kntahira,  Sendai,  980  Japan 

MO. 7  AN  OPTOELECTRONIC  TECHNIQUE  FOR  S-PARAMETER 
MEASUREMENTS  OF  GaAs  MONOLITHIC  INTEGRATED  CIR 
CUITS  -  P.  Polak-Dingcls,  H-L.  A.  Hung*,  K.J.  Webb**,  T.T. 
l/cc,  T.  Smith*,  and  C.H.  Lee**,  The  Lab  fo  Physical  Sciences, 
College  Park,  MD  207-12;  ‘COMSAT  Labs,  Clarksburg,  MD  20871; 
**U  of  Maryland,  College  Park,  MD  20742 


SESSION  MT  SESSION  M8 


Paoio  Room.  3rd  Floor 

Monday  PM 

December  5,  1988 

ASTRONOMY 


_ A.  Raisanen,  Presider _ 

MT.l  SYSTEMATIC  SURVEY  OF  STAR  FORMATION  REGIONS 

WITH  THE  4  m  MILLIMETER-WAVE  TELESCOPE  AT  NAGOYA 
UNIVERSITY  -  MOLECULAR  OUTFLOWS  AS  THE  EARLI¬ 
EST  STAGE  OF  STAR  FORMATION  -  (Invited  Keynote)  -  Y. 
Fujui,  Dept  of  Astrophysics,  Nagoya  Univ,  Chikusa,  Nagoya  464, 
Japan 

MT.2  JOSEPHSON  LOCAL  OSCILLATOR  FOR  INTEGRATED  RA- 
DIOASTRONOMICAL  RECEIVERS  -  R.  Monaco,  S.  Pagano, 

C.  Costabile,  Instituto  di  Cibernetica,  1-80072  Arco  Felice  (NA), 
Italy _ 

M7.3  A  BROADBAND  LOW  NOISE  SIS  RECEIVER  FOR  SUBMIL¬ 
LIMETER  ASTRONOMY  -  T.H.  Biittgenback1,  R.E.  Miller2, 
M.J.  Wengler*'®,  D.M.  Watson1,  T.G.  Philips1, 1  Division  of  Physics, 
Mathematics  and  Astronomy,  California  I  of  Tech,  Pasadena,  CA 
91125;  2  AT&T  Bell  Labs,  Murray  Hill,  NJ  07974,  3  Dept  of  Elec 
Engr,  U  of  Rochester,  Rochester,  NY  14627 

M7.4  BALLOON-BORNE  OBSERVATIONS  OF  THE  CYGNUS  RE- 
GION  IN  THE  FAR  INFRARED  -  C.G.  Degiacomi,  A.  Holen- 
stein,  F.K.  Kneubiihl,  Infrared  Physics  Lab,  ETH,  8093  Zurich, 
Switzerland;  D.  Huguemn,  Geneva  Observatory,  1290  Sauverny, 
Switzerland  _ _ 

M7.5  490  GHz  SOLID  STATE  SOURCE  WITH  VARACTOR- 
QUINTUPLER  -  R.  Rudiger  and  P.  Zimmermann,  Radiometer- 
physics,  Bergerwiesenstr.  15,  5309  Meckenheim,  West  Germany 


_ Ballroom  (Makai).  Vd  Floor _ 

Monday  PM  December  5,  1988 


FEL  II 


J.E.  Walsh,  Presider 

M8.1  HIGH  POWER,  MILLIMETER  WAVE  FEL  FOR  PLASMA  HEAT¬ 
ING  APPLICATIONS  -  (Invited  Keynote)  -  R.A.  Jong  and  T.J. 
Orzechowski,  Lawrence  Livermore  Nat’l  Lab,  Livermore,  CA 

M8.2  CURRENT  THEORETICAL  AND  EXPERIMENTAL  ISSUES 
ON  FREE-ELECTRON  LASERS  -  (Invited  Keynote)  -  F.  Harte- 
mann,  J.M.  Buzzi,  G.  Mourier  and  M.  Faillon,  Thomson-CSF,  2 
Rue  Latecoere,  B.P.  23-78141,  Velizy-Villacoublay,  France 

M8.3  MODE  COMPETITION,  SUPPRESSION  AND  CONTROL  IN 
FEL  OSCILLATORS  -  B.  Levush  and  T.  Antonsen,  Jr.,  Lab  for 
Plasma  Research,  U  of  Maryland,  College,  Park,  MD  20742 

M8.4  HIGH  HARMONIC  EMISSION  IN  THE  UNIFORM  MAGNETIC 
FIELD  FREE-ELECTRON  LASER  -  J.  Soln,  Harry  Diamond 
Labs,  2800  Powder  Mill  Rd,  Adelphi,  MD  20783  "■ 

M8.5  A  HIGH  POWER,  600  ,rm  WAVELENGTH  FREE-ELECTRON 
LASER  -  D.A.  Kirkpatrick,  NRL,  Washington,  DC  20375-5000; 

G.  Bekefi,  A.C.  DiRienzo,  Dept  Physics  and  Research  Lab  of  Elec¬ 
tron.,  MIT,  Cambridge,  MA  02139;  H.P.  Freund  and  A.K.  Gan- 
guly,  NRL,  Washington,  DC  20375-5000 _ 

M8.6  3-D  MOTION  OF  ELECTRONS  IN  COMBINED  REALISTIC 
HELICAL  WIGGLER  WITH  AXIAL  GUIDE  FIELD  FOR  FREE- 
ELECTRON  LASER  -  S-C.  Zhang,  Z.  Zhang  and  S.  Zhou,  Dept  < 

Physics,  Chengdu  I  of  Radio  Engr,  Chengdu,  Sichuan,  China 

M8.7  BETATRON-SYNCHROTRON  RESONANCES  IN  FREE  ELEC¬ 
TRON  LASER  -  Y-J.  Shi,  I  of  Atomic  Energy,  P.O.  Box  275(18), 

Beijing,  China 

M8. 8  HIGH-GAIN  FREE  ELECTRON  LASER  WITH  VARIABLE  PA¬ 
RAMETER  WIGGLERS  -  Z-X.  Hui,  Xinan  I  of  Elec  Engr,  P.O. 

Box  517,  Chengdu,  P.R.China 

M8.9  THE  EFFICIENCY  IMPROVEMENT  OF  A  RAMAN  FREE- 
ELECTRON  LASER  -  Z.  Wang,  Z.  Lu,  L.  Zhang,  and  J.  Chen, 

Shanghai  I  of  Optics  and  Fine  Mechanics,  Academia  Sinica,  P.O. 

Box  8211,  Shanghai,  PRC 


J 
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SESSION  Tl 


SESSION  T2 


_ Ballroom  (Mauka),  7th  Floor _ 

Tuesday  AM  December  6,  1988 


_ MMW  SYSTEMS  I _ 

J.  C.  Wiltse,  Presider 

Tl.l  MILLIMETER  WAVE  RADAR-CURRENT  STATUS  AND  FU¬ 
TURE  DIRECTIONS  -  (Invited  Keynote,  JO  min)  -  E.K.  Reedy, 
Georgia  Tech  Research  Inst,  GA  Inst  Tech,  Atlanta,  GA  30332 

T1.2  NEW  TRENDS  IN  MILLIMETER  WAVE  MISSILE  SEEKER 
DESIGN  -  (Invited  Keynote,  JO  min)  -  T.T.  Fong,  TRW  Inc, 
Redondo  Beach,  CA  90278 

T1.3  A  PROTOTYPE  COMMERCIAL  ORBITRON  MASER  FOR  MIL¬ 
LIMETER  RADAR  -  M.G.  Nilmira  and  R.J.  Churchill,  American 
Research  Corp  of  Virginia;  I.  Alexeff,  F.  Dyer  and  M.  Radar,  Uni¬ 
versity  of  Tennessee,  Dept  Elec  and  Cmptr  Engr,  Knoxville,  TN 
37996-2100 _ 

T1.4  A  LOW-LOSS  HIGH-POWER  FILTER  FOR  DIRECT  BROAD¬ 
CAST  SATELLITE  TRANSPONDERS  -  T.  Nomoto,  Science  and 
Technical  Research  Laboratories,  1-10-11,  Kinuta,  Setagaya,  Tokyo, 
157,  Japan 

T1.5  MILLIMETRE  CHARACTERIZATION  USING  AN  80  GHz  MONO¬ 
STATIC  HIGH  POWER POLARIMETRIC  RADAR- G.N.  Crisp, 
P.A.  Blakelock,  K.E.  Potter,  C.E.  Burnett,  MEDL  Microwave, 
Doddington  Rd,  Lincoln,  LN6  3LF,  England 

Tl.fl  A  MODEL  BASED  TECHNIQUE  FOR  MILLIMETER  WAVE 
TARGET  RECOGNITION  -  F.A.  Sadjadi,  Honeywell,  Systems 
and  Research  Ctr  MN65-2300,  3660  Technology  Dr,  Minneapolis, 

MN  55418 _ 

T1.7  RECENT  ADVANCES  IN  MILLIMETER  WAVE  UP  AND  DOWN 
CONVERTERS  -  C.  Oleson,  A.  Larsen,  R.  Chew  and  W.  Day, 
Varian  Solid  State  Microwave  Div,  3251  Olcott  St,  Santa  Clara, 

CA  95054 _ 

T1.8  205  GHz  SIS  RECEIVER  DEVELOPMENT  FOR  REMOTE  SENS¬ 
ING  APPLICATIONS  -  W.R,  McGrath,  C.N.  Byrom,  B.N.  El¬ 
lison*,  M.A.  Frerking,  and  R.E.  Miller**,  Jet  Propulsion  Lab, 
Pasadena,  CA;  ‘California  Inst  of  Tech,  Pasadena,  CA;  “AT&T 
Bell  Labs,  Murray  Hill,  NJ 


_ Mahimahi  Room,  3rJ  Floor _ 

Tuesday  AM _ __ _ December  5,  1988 

MICROWAVE-OPTICAL  INTERACTIONS 
_ T.  Sueta,  Presider _ 

T2.1  OPTICAL  TECHNOLOGY  APPLIED  TO  SubMM/MMW-  (In¬ 
vited  Keynote,  JO  min.)  -  H.R.  Fetterman,  Dept  Electrical  Engi¬ 
neering,  U  of  California,  Los  Angeles,  CA 

T2.2  HIGH  FREQUENCY  MODULATION  OF  SEMICONDUCTOR 
LASERS  -  A.P.  DeFonzo,  Dept  of  Electrical  and  Computer  Engi- 
neering,  U  of  Massachusetts,  Amherst,  MA  01003 

T2.3  LIGHT-CONTROLLED  MICROSTRIP  LINE  COUPLER  -  H. 
Shimazaki,  Faculty  of  Engineering,  Osaka  Univ,  Suita  564,  Japan; 

M.  Tsutsumi,  Faculty  of  Engineering  and  Design,  Kyoto  I  of  Tech¬ 
nology,  Kyoto  606,  Japan 

T2.4  OPTICAL  GENERATION  AND  DISTRIBUTION  OF  MICROWAVE 
SIGNALS  -  G.J.  Simonis  and  K.G.  Purchase,  LABCOM,  Harry 
Diamond  Lab,  2800  Powder  Mill  Road,  Adelphi,  MD  20783-1197 


SESSION  T3 


_ Mahimahi  Room,  3rii  Floor _ 

Tuesday  AM  December  6,  1988 


_ PLASMA  DIAGNOSTICS  I _ 

_ K.  Kawahata,  Presider _ 

T3.1  INFLUENCE  OF  WAVELENGTH  ON  THE  PERFORMANCE 
OF  COLLECTIVE  THOMSON  SCATTERING  FOR  ALPHA- 
PARTICLE  DIAGNOSTICS  -  (Invited  Keynote)  -  P.P.  Woskov, 
D.R.  Cohn,  J.S.  Machuzak  and  D.Y.  Rhee,  MIT  Plasma  FUsion 
Center,  Cambridge,  MA  02139 

T3.2  A  C02  LASER  THOMSON  SCATTERING  DIAGNOSTIC  FOR 
THE  MEASUREMENT  OF  FUSION  PRODUCT  ALPHA  PAR¬ 
TICLES  -  R.K.  Richards,  C.A.  Bennett*,  L.K.  Fletcher**,  H.T. 
Hunter  and  D.P.  Hutchinson,  Oak  Ridge  Natl  Lab,  Oak  Ridge,  TN 
37831 ;  *On  sabbatical  leave  from  U  of  North  Carolina  of  Asheville; 
“Tennessee  Technological  Univ,  Cookeville,  TN 

T3.3  ECRH  OF  TRAPPED  ELECTRONS  IN  TOKAMAKS  -  S.P. 
Kuo,  Polytechnic  U,  Farmingdale,  NY  11735;  M.C.  Lee,  MIT, 
Cambridge,  MA  02139 

T3.4  PLASMA  DENSITY  PROFILE  IMAGING  BY  MICROWAVE 
HETERODYNE  SYSTEM  AND  ELECTRON  ACCELERATION 
IN  CROSS  FIELD  ACCELERATION  SCHEME  -  (30  min.)  Y. 
Nishida,  II.  Okazaki,  Y.  Yamada,  T.  Shinozaki  and  N.C.  Luh- 
mann,  Dept  Elec  Engr,  Utsunomiya  Univ  Utsunomiya,  Tochigi 
321  JAPAN 


xil 


SESSION  T4 


SESSION  T5 


_ Papio  Room.  3rd  Floor _ 

Tuesday  AM  December  6,  1988 


MMW  GUIDES 


S.  T.  Peng,  Presider 


T4.1  MEGAWATT  CW  MILLIMETER  WAVE  TRANSMISSION  SYS¬ 
TEMS  -  (Invited  Keynote)  -  M.  Thumm,  H.  Barkley,  W.  Kas- 
parek,  G.  A.  Muller  and  P.G.  Schuller,  Institut  fur  Plasmaforschung, 
Universitat  Stuttgart,  PfafFenwaldring  31,  D-7000  Stuttgart  80, 
West  Germany 

T4.2  LOW  LOSS,  BROADBAND,  MULTIMODE,  CIRCULAR  COR¬ 
RUGATED  WAVEGUIDE  PERFORMANCE  -  A.  Cavallo,  J  Doane, 
R.  Cutler,  Princeton  Plasma  Physics  Lab,  Princeton  University, 
Princeton,  NJ  08510;  J.  Brenner,  Brenner  Tool  and  Die,  Croydon, 

PA  19020 _ 

T4.3  INITIAL  OPERATION  OF  A  POLARIZATION-CONTROLLED 
BEAMED  ECH  LAUNCHER  -  T.S.  Bigelow,  C.R.  Schaich  and 
T.L.  White,  Oak  Ridge  Nat’l  Lab,  P.O.  Box  Y,  MS-2,  Bldg.  9101- 
2,  Oak  Ridge,  TN  37831 _ 

T4.4  VERY  SHORT  QUASI-PERIODIC  AND  APERIODIC  MODE 
CONVERTERS  FOR  60  AND  140  GHz  GYROTRONS  -  M.J. 
Buckley,  G.H.  Luo,  R.J.  Vernon,  Dept  Electrical  and  Cmptr  Engr, 

U  of  Wisconsin,  Madison,  Wisconsin  5371 1 

T4.5  AN  X-BAND  VLASOV-TYPE  MODE  CONVERTOR  -  B.G. 
Ruth,  D.  Schlesiger  and  R.K.  Dahlstrom,  Harry  Diamond  Labo¬ 
ratories,  ATTN:  SLCHD-NW-RI,  2800  Powder  Mill  Rd,  Adelphi, 

MD  20783-1197 _ 

T4.0  A  QUASI-OPTICAL  CONVERTER  FOR  EFFICIENT  CONVER¬ 
SION  OF  WHISPERING  GALLERY  MODES  INTO  NARROW 
BEAM  WAVES  -  A.  Mobius,  K.  Kreischer  and  R.  Temkin,  MIT 
Plasma  Fusion  Center,  167  Albany  St  NW16,  Cambridge,  MA 
02139 _ 

T4.7  REALISTIC  PROSPECTS  FOR  SUPERCONDUCTING  GYRO- 
TRON  RESONATORS  -  J.  Halbritter,  G.  Hochschild,  J.  Jbdicke, 
Kernforschungszcntrum  Karlsruhe.  Inst  f.  Technische  Physik, 
D-7500  Karlsruhe,  Fed  Rep  Germany 

T4.8  DESIGN  OF  THE  CIT  GYROTRON  ECRH  TRANSMISSION 
SYSTEM  -  J.A.  Casey,  P.  Woskov,  D.  Cohn,  R.  Temkin,  MIT 
Plasma  Fusion  Center,  167  Albany  St  NW16,  Cambridge,  MA 
02139 _ 

T4.9  PRELIMINARY  LOW-POWER  INVESTIGATION  OF  TE<,„  MODE 
VLASOV  LAUNCHERS  -  P.J.  Sealy  and  R.J.  Vernon,  Dept  Elec 
and  Cmptr  Engr,  U  of  Wisconsin,  Madison,  WI  53711 


_ Ballroom  fMakail,  7'h  Floor _ 

Tuesday  AM _ December  6,  1988 

_ FEL  HI 

W.M.  Manheimer,  Presider _ 

T5.1  OBSERVATION  OF  UB1TRON  FUNDAMENTAL  MODE  AM¬ 
PLIFICATION  -  (Invited  Keynote)  -  R.H.  Jackson,  D.E.  Pershing 
and  H.  Bluem,  Vacuum  Electronics  Branch,  Code  6842,  Naval  Re¬ 
search  Lab,  Washington,  DC  20375-5000 

T5.2  FREQUENCY  SPECTRI  .1  OF  THE  UCSB  FEL  -  (Invited  Keynote) 
-  L.  Elias,  CREOL,  U  Central  Florida,  (12424  Research  Parkway, 
Suite  400),  Orlando,  FL  32826 

T5.3  OPTIMIZATION  OF  A  PLANAR  OROTRON  -  J.E.  Walsh,  J.A. 
Jackson,  E.M.  Marshall,  Dartmouth  College,  Hanover,  NH  03755 

T5.4  THE  CIRCULAR  ORBIT  LINEAR  THEORY  OF  AXIAL  IN¬ 
JECTION  ORBITRON  MASER  OSCILLATORS  -  J.M.  Burke, 
Burke  Technologies,  Inc.,  San  Diego,  CA  92111-1316 

T5.5  PULSED  AND  STEADY-STATE  MULTIANODE  ORBITRON 
MASERS  -  I.  Alexeff,  F.  Dyer,  and  M.  Rader,  U  of  Tennessee, 
Knoxville,  TN  37996-2100 _ 

T5.6  HIGH  EFFICIENCY  OPERATION  OF  THE  MODIFIED  PE- 
NIOTRON  USING  TE»  RECTANGULAR  WAVEGUIDE  CAV¬ 
ITY  -  K.  Yokoo,  M.  Razeghi,  N.  Sato  and  S.  Ono,  Research  I  of 
Elec  Communication,  Tohoku  U,  Sendai  980,  Japan _ 

T5.7  AUTO-RESONANT  PENIOTRON  FOR  HIGH  POWER  MIL¬ 
LIMETRE  WAVE  GENERATION  WITH  AN  EXTREMELY  HIGH 
EFFICIENCY  -  K.  Yokoo,  S.  Ono,  N.  Sato,  Research  I  of  Elec 
Communication,  Tohoku  U,  Sendai  980,  Japan  _ 


SESSION  T6 


_ Ballroom  (Maukal.  7<>l  Floor _ 

Tuesday  PM  _  December  6,  1988 

_ _ MMW  SYSTEMS  II 

_ E.  Reedy.  Presider  _ 

T0.1  MMW  COMMUNICATIONS  TECHNOLOGY  -  (Invited  Keynote) 
-  R.  Ying,  Hughes  Aircraft  Co.,  Torrance,  CA _ 

TO. 2  MEASUREMENT  OF  COHERENCE  BANDWIDTH  FOR  AN 
URBAN  MILLIMETER  WAVE  RADIO  LINK  -  R.S.  Cole,  H.J. 
Thomas,  G.L.  Siqueira,  University  College,  London  WC1F  7SE, 
England _ _ _ 


sill 


SESSION  T7 


SESSION  T8 


I 


_ Ballroom  (Mauka),  7a  Floor _ 

Tuesday  PM  December  6,  1988 


_ MMW  DETECTORS  fe  MIXERS _ 

_ J.  Archer,  Presider _ 

T7.1  MILLIMETER-WAVE  SIS  RECEIVERS  OF  NOBEYAMA  RA¬ 
DIO  OBSERVATORY  -  (Invited Keynote)-}.  Inatani,  Nabeyama 
Radio  Observatory,  Nobeyama,  Nagano  384-13,  Japan 

T7.2  A  NEW  FUNDAMENTALLY  PUMPED  BALANCED  MIXER 
FOR  G-BAND  (140-220  GHz)  - 1.  Galin,  Aerojet  ElectroSystems 
Company,  Azusa,  CA  91702 

T7.3  LARGE-AREA  BOLOMETERS  FOR  MILLIMETER-WAVE  POWER 
CALIBRATION  -  G.M.  Rebeiz,  C.  Ling,  Univ  of  Michigan,  Ann 
Arbor,  MI  48109;  D.B.  Rutledge,  Div  of  Engr  and  Appl  Science, 
California  I  of  Tech,  Pasadena,  CA  91125 

T7.4  SERIES-CONNECTED  JOSEPHSON-EFFECT  MIXERS  FOR 
MILLIMETER-WAVE  RADIATION  -  H.  Ohta*,  T.  Matsui  and 
B.  Komiyama,  Radio  Res  Lab,  Ministry  of  Posts  and  Telecomm, 
Nukui-ki  tamachi  4-2-1,  Koganei-shi  184,  Tokyo,  Japan;,  *The  I 
of  Physical  and  Chetn  Research,  Hirosawa  2-1,  Wako-shi  Saitama 
351-01,  Japan 

T7.5  A  QUASI-OPTICAL  SLOT-RING  MIXER  MONOPULSE  AR¬ 
RAY  -  R.  Gingras1,  G.M.  Hegazi2,  T.L.  Korzeniowski1,  K.D. 
Stephan3,  J.  Wolverton4,  and  K.S.  Yngvesson3,  1  Missile  Systems 
Div,  Raytheon  Co,  Tewksbury,  MA; 2  COMSAT  Labs,  Clarksburg, 

MD;  3  Dept  Elec  &  Cmptr  Engr,  U  of  Massachusetts,  Amherst, 

MA;  Air  Force  Armament  Labs,  Air  to  Ground  Systems  Div,  Eglin 
Airforce  Base,  FL 

T7.6  PLANAR  SUBHARMONIC  MIXER  FOR  183  GHz  -  N.J.  Cronin, 

S.P.  Marsh,  P.J.  Reece,  U  of  Bath,  School  of  Physics,  Claverton 
Down,  Bath  BA2  7AY  England 


_ Mahimahi  Room,  3rJ  Floor _ 

Tuesday  PM  December  6,  1988 


_ PLASMA  DIAGNOSTICS  II _ 

_ Y.  Nishida,  Presider _ 

T8.1  A  MULTICHANNEL  SUBMILLIMETER  WAVE  INTERFEROM¬ 
ETER  SYSTEM  ON  ATF  -  (Invited  Keynote,  40  min)  -  D.P. 
Hutchinson,  C.H.  Ma,  K.L.  Vander  Sluis,  C.A.  Bennett*  and  J. 
Lee**,  Oak  Ridge  Natl  Lab,  Oak  Ridge,  TN 

T8.2  DEVELOPMENT  OF  STABLE,  HIGH  POWER  CW  FIR  LASER 
FOR  PLASMA  DIAGNOSTIC  -  Q.  Zu,  S.  Ruan,  F.  He,  B.  Li,  Y. 
Xu,  Inst.  Physics,  Chinese  Acad.  Sci,  Beijing,  PRC 

T8.3  FIR  POLARIMETER/INTERFEROMETER  FOR  JIPP  T-II  U 
-  A.  Yasuda,  Tokyo  U  of  Mercantile  Marine,  Etchujima,  Koto-ku, 
Tokyo  135,  Japan;  K.  Kawahata  and  J.  Fujita,  I  of  Plasma  Physics, 
Nagoya  University;  S.  Okajima,  Chubu  Univ;  Y.  Nagayama,  The 
U  of  Tokyo,  Japan 

T8.4  A  MULTICHANNEL  HCN  LASER  INTERFEROMETER  FOR 
ELECTRON  DENSITY  MEASUREMENTS  ON  THE  JIPP  T- 
IIUTOKAMAK-K.  Kawahata  and  J.  Fujita,  I  of  Plasma  Physics, 
Nagoya  U,  Nagoya,  Japan;  A.  Yasuda,  Tokyo  U  of  Mercantile 
Marine,  Tokyo  Japan;  S.  Okajima,  Chubu  U,  Ksaugai  487,  Japan 

T8.5  SCATTERING  OF  MILLIMETRE-SUBMILLITRE  RADIATION 
FROM  THE  TORTUS  TOKAMAK  PLASMA  -  M.D.  Bowden, 
P.W.  Fekete,  M.J.  Ballico,  G.F.  Brand,  I.S.  Falconer,  B.W.  James 
and  K.J.  Moore,  School  of  Physics,  U  of  Sydney,  NSW  2006,  Aus¬ 
tralia;  T.  Idehara,  Fukui  University,  Japan 

T8.0  A  HIGH  POWER  CH3OH  LASER  SYSTEM  USING  STARK 
STABILIZED  C02  PUMP  LASERS  -  D.P.  Hutchinson,  C.A.  Ben- 
net*,  J.  Lee**,  L.K.  Fletcher,  C.H.  Ma  and  K.L.  Vander  Sluis,  Oak 
Ridge  Nat'  Lab,  Oak  Ridge,  TN 

T8.7  SIMULTANEOUS  MULTILINE  OPERATION  OF  A  FORMIC 
ACID  LASER  AND  APPLICATIONS  -  M.D.  Bowden,  I.S.  Fal¬ 
coner,  B.W.  James,  U  of  Sydney,  NSW,  Australia;  L.B.  Whit- 
bourn,  CSIRO  Lindfield,  NSW  2070,  Australia;  J.C.  Macfarlane, 
CSIRO,  Australia 

T8.8  ION  TEMPERATURE  MEASUREMENTS  IN  A  TOKAMAK  BY 
COLLECTIVE  THOMSON  SCATTERING  OF  FIR  LASER  RA¬ 
DIATION  -  R.  Behn,  D.  Dicken*,  J.  Hackmann*,  S.A.  Salito  and 
M.R.  Siegrist,  Ecole  Polytechnique  Federale  Lausanne,  Swilzer- 
land  _ 

T8.9  DESIGN  AND  CALIBRATION  OF  A  TWO-CHANNEL  LOW 
NOISE  HETERODYNE  RECEIVER  AT  10.6  pm  -  C.A.  Bennett, 
R.K.  Richards,  and  D.P.  Hutchinson,  Oak  Ridge  Natl  Lab,  Oak 
Ridge,  TN  37831 _ 

T8.10  CALIBRATION  OF  10-CIIANNEL  GRATING  POLYCHROMA- 
TOR  -  K.  Kawahata,  M.  Sakamoto,  J.  Fujita,  Inst  of  Plasma 
Physics,  Nagoya  Univ,  Chikusa-ku,  Nagoya  464-01,  Japan;  H. 
Matsuo,  Dept  ol  Astrophysics,  Nagoya  Univ;  K.  Sakai,  Dept  of 
Applied  Physics,  Osaka  Univ,  Suita,  Osaka  565,  Japan 

T8.H  A  STARK-TUNED  CH3OH  LASER  FOR  USE  IN  HIGH  FRE¬ 
QUENCY  MODULATED  INTERFEROMETRY  -  D.K.  Mans¬ 
field,  M.  Vocaturo,  L.  Guttadora,  Princeton  Univ.  Plasma  Physics 
Lab,  Princeton,  NJ  08513  _ 


y.iv 


SESSION  T9  SESSION  T10 


Papio  Room.  3ri  Floor 

Ballroom  (Makai),  Vh  Floor 

Tuesday  PM 

December  6,  1988 

Tuesday  PM  December  6,  1988 

ATMOSPHERIC  PHYSICS 
E.  E.  Altshuler.  Presider 

T9.1  THE  EFFECTS  OF  TURBULENCE  IN  CLEAR  AND  TURBID 
ATMOSPHERES  ON  MILLIMETER  WAVE  PROPAGATION  - 
R.W.  McMillan  and  R.A.  Bohlander,  GA  Inst  of  Tech,  Atlanta, 
GA  30332;  R.J.  Hill  and  S.F.  Clifford,  Natl  Oceanic  and  Atmos 
Admin,  Boulder  CO  80303 

T9. 2  ATMOSPHERIC  ATTENUATION  AND  DELAY  RATES  BE- 
TWEEN  1  GHz  AND  1  THz  -  (Invited  Keynote)  -  H.  Liebe, 
NTIA/ITS,  325  Broadway,  Boulder,  CO  80803 

T9.3  AN  ALGORITHM  FOR  ESTIMATING  CLOUD  ATTENUATION 
AT  MILLIMETER  WAVELENGTHS  -  E.E.  Altshuler,  R.A.  Marr, 
Rome  Air  Devlmt  Center/EECP,  Electromagnetics  Directorate, 
Hanscom  AFB,  MA  01731-5000 

T9.4  MILLIMETER  WAVE  ATMOSPHERIC  PROG  AG  ATION  STUDY 
AT  CRL  -T.  lhara*,T.  Manabe**,  J.  Awaka**,  Y.  Furuhama***, 
•Kashima  Space  Res  Ctr,  Comm  Res  Lab,  Ministry  of  Posts  and 
Telecomm,  893-1  Hirai,  Kashima-machi,  Ibaraki-ken,  314  Japan; 
"Comm  Res  Lab,  Ministry  of  Posts  and  Telecomm,  2-1,  Nukuikita- 
machi  4-chome,  Koganei-shi,  Tokyo  184,  Japan;  "*ATR  Optical 
and  Radio  Comm  Res  Lab,  Twin21  MID  Tower,  2-1-61,  Shiromi, 
Higashi-ku,  Osaka  540  Japan 

T9. 5  FOR  FUTURE  METEOROLOGICAL  MILLIMETER-WAVE  RA¬ 
DIATIVE  TRANSFER  MODEL  AND  AN  AIRBORNE  CAM¬ 
PAIGN  -  C.  Prigent,  Dept  de  radioastronomie  Millimetrique,  Ob- 
servatoire  de  Meudon,  92190  Meudon,  France;  P.  Abba,  Alcatel- 
Espace,  France;  N.A.  Scott,  Lab  de  Meteorologie  Dynamique, 
France _ 

T9.6  MESOPHERIC  RADIOWAVE  PROPAGATION  IN  THE  60GHz 
BAND  AFFECTED  BY  PROPERTIES  OF  ZEEMAN-SPLIT  OXY¬ 
GEN  LINES  -  H.J.  Liebe,  G.A.  Hufford  and  A.S.  Katz,  Natl 
Telecomm  and  Info  Admin,  I  for  Telecomm  Sciences,  325  Broad¬ 
way,  Boulder,  CO  80303 


_ GYROTRON I _ 

V.L.  Granatstein,  Presider 

T10.1  STATUS  AND  FUTURE  PLANS  OF  HIGH  POWER  SOURCES 
FOR  PLASMA  HEATING  -  (Invited  Keynote)  -  T.V.  George, 
U.S.  Dept  of  Energy,  Office  of  Fusion  Energy,  Washington,  DC 
20545 _ 

T10.2  MEGAWATT  GYROTRONS  FOR  ECR  HEATING  -  (Invited 
Keynote)  -  K.  Felch,  C.  Hess,  E.  Jongewaard,  H.  Jory,  H.  Huey 
and  R.  Pendleton,  Varian  Associates,  Inc.,  611  Hansen  Way,  Palo 
Alto,  CA  94303 _ _ 

T10.3  EXPERIMENTAL  STUDIES  ON  THE  120  GHz  GYROTRON 
OF  MITSUBISHI  ELECTRIC  CORP.  -  T.  Kikunag*,  T.  Shi- 
mozuma,  H.  Asano,  Y.  Yasojima,  Y.  Murai,  K.  Nakashima  and 
T.  Tsukamoto,  Centred  Research  Laboratory,  Mitsubishi  Electric 
Corp.,  Amagasaki,  Hyogo,  661  Japan 

T10.4  THE  DESIGN  OF  MEGAWATT  GYROTRONS  FOR  THE  COM¬ 
PACT  IGNITION  TOKAMAK  -  K.E.  Kreischer,  T.  Grimm,  A.W. 
Mobius,  and  R.  J.  Temkin,  MIT  Plasma  Fusion  Center  NW-16, 167 
Albany  St,  Cambridge,  MA  02139 _ 

T10.5  8  GHz  HIGH  POWER  GYROTRON  WITH  DEPRESSED  COL- 
LECTOR  -  P.  Muggli,  H.-G.  Mathews*,  M.Q.  Tran,  G.  Agosti*, 
S.  Alberti*,  A.  Perrenoud,  T.M.  Tran,  Ecole  Politechique  Federale 
de  Lausanne,  1007  Lausanne,  Switzerland;  *Asea  Brown  Boveri 
Ltd.,  Dept  EKR,  5401  Baden,  Switzerland _ 

T10.6  DEPRESSED  COLLECTORS  FOR  GYROTRONS  -  M.E.  Read 
and  Alan  J.  Dudas,  Physical  Sciences,  Inc.,  635  Slaters  Lane,  Suite 
G101,  Alexandria,  VA  22314;  W.  Lawson  and  A.  Singh,  Lab  for 
Plasma  and  Fusion  Energy  Studies,  U  of  Maryland,  College  Park, 
MD  20742 _ _ 

T10.7  MADEY  THEOREM  IN  GYROTRON  -  S-C.  Zhang,  Dept  of 
Phsyics,  Chengdu  I  of  Radio  Engr,  chengdu,  Sichuan,  P.R.China 

T10.8  GYROTRON  IV  -  A  NEW  TUNABLE  GYROTRON  -  G.F.  Brand, 
School  of  Physics,  U  of  Sydney,  NSW  2006,  Australia 
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SESSION  W1 


SESSION  W2 


Ballroom  (Mauka),  7th  Floor 


Mahimahi  Room,  3ri<  Floor 


Wednesday  AM 


December  7,  1988 


GUIDED  PROPAGATION  I 


Wednesday  AM 


December  7,  1988 


A.  A.  Oliner,  Presider 


Wl.I  MODELLING  OF  MMW  STRUCTURE  IN  THE  TIME  DOMAIN 
USING  TRANSMISSION  LINE  MODELLING  (T.L.M.)  -  (In- 
vited  Keynote)  W.  Hoefer,  Electrical  Engineering,  University  of 
Ottawa,  Ottawa,  Ontario,  Canada 

W1.2  CHARACTERISTICS  OF  COUPLED  PLANAR  STRIP-SLOT 
RESONATORS  WITH  MULTIPLE-LAYER  DIELECTRICS  - 
A.  Rong  and  S.  Li,  Dept  of  Radio  Engineering,  Southeast  U,  Nan¬ 
jing,  P.R.China 


WI.3  EXCITATION  AND  TRANSMISSION  MEASUREMENTS  OF 
DIELECTRIC  ROD  WAVEGUIDE  HE,, -MODE  IN  THE  50-150 
GHz  RANGE  -  Y.  Yamamoto  and  K,  Fujisawa,  Dept  of  Electri¬ 
cal  Engineering  and  Electronics,  Faculty  of  Engineering,  Osaka 
Saogyo  U,  Daito,  Osaka,  574,  Japan 


W1.4  A  NEW  APPROACH  FOR  THE  ANALYSIS  OF  WAVEGUIDES 
WITH  MULTIPLY  CONNECTED  CROSS  SECTION  -  A.S.  Omar 
and  K.  Schiinemann,  Technische  Universitat  Hamburg-Harburg, 
Arbeitsbereich  Hochfrequenztechnik,  Postfach  90  14  03,  D-2100 
Hamburg  90,  West  Germany 

W1.5  MODAL  ANALYSIS  OF  CIRCULAR  BIFURCATION  FOR 

CCTWTs  -  F.  Lin  and  A.S.  Omar,  Technische  Universitat  Hamburg- 
Harburg,  Arbeitsbereich  Hochfrequenztechnik,  Postfach  90  14  03, 
D-2100  Hamburg  90,  West  Germany 

W1.0  ANALYSIS  OF  ECCENTRIC  ANNULAR  WAVEGUIDES  -  Y. 
Xu  and  A.S.  Omar,  Technische  Universitat  Hamburg-Harburg, 
Arbeitsbereich  Hochfrequenztechnik,  Postfach  90  14  03,  D-2100 
Hamburg  90,  West  Germany 

W1.7  CHARACTERISTICS  OF  DOUBLE  GROOVE  GUIDE  FOR  100 
GHz  OPERATION  -  Y.M.  Choi,  Hong  Kong  Polytechnic,  Kowloon, 
Hong  Kong 


HIGH  Tc  SUPERCONDUCTORS  I 


Mohammed  N.  Af.,ar,  Presider 


W2.1  PROCESSING  AND  ELECTRICAL  PROPERTIES  OF  HIGH  Tc 
SUPERCONDUCTORS  -  (Indeed  Keynote)- R.B.  Poeppel,  M.T. 
Lanagan,  J.P.  Singh,  K  C.  Goretta,  J.T.  Dusek,  S.E.  Dorris,  U 
Balachandran,  C.  Bohn  and  J.R.  Delayen,  Ceramic  Technology 
Div,  Argonne  Natl  Laboratory,  Argonne  IL  60439 

W2.2  EXPLORING  THE  LOW  LYING  EXCITATION  SPECTRA  OF 
HIGH  Tc  SUPERCONDUCTORS  -  (Invited  Keynote)  -  A.  J.  Siev- 
ers,  Dept  of  Physics,  Cornell  U,  Ithaca,  NY 


W2.3  AN  OPEN  RESONATOR  FORTESTING  SURFACE  RESISTIV¬ 
ITY  OF  SUPERCONDUCTOR  FILMS  AND  METALLIC  SAM¬ 
PLES  AT  100-120  GHz  -  (Invited  Keynote )  -  T.  Matsui,  M. 
Kiyokawa  and  B.  Komiyama,  Communications  Research  Lab,  Ko 
ganei,  Tokyo  184,  Japan 


W2.4  ANTIFERROMAGNETIC  ORDER  IN  HIGH  Tc  SUPERCON¬ 
DUCTOR  OXIDES  -  S.  Yoshimori  and  M.  Kawainura,  Dept  r.f 
Physical  Elec,  Faculty  of  Engr,  Tokyo  Inst  of  Technology,  Japan 

W2.5  MEASUREMENT  OF  SUPERCONDUCTOR  SURFACE  IMPE- 
DENCE  BY  USING  A  PARALLEL  PLATES  OPEN  CAVITY 
RESONATOR  EXCITED  BY  DIELECTRIC  ROD  HE,, -MODE 
-  F.  Fujisawa,  Y  Yamamoto  and  F.  Okuda,  Dept  of  Elec  Engr  and 
Electron,  Faculty  of  Engr,  Osaka  Sangyo  Univ,  Osaka  574,  Japan 

W2.6  OPEN  TUBE  RESONATORS  FOR  MILLIMETER/SUBMILLIMETER 
WAVE  SURFACE  RESISTIVITY  MEASUREMENTS  -  P.P.  Woskov, 
D.Y.  Rhee  and  D.R.  Cohn,  MIT  Plasma  Fusion  Center,  Cam¬ 
bridge,  MA  02139 

W2.7  MMW  DETECTION  BY  SUPERCONDUCTING  FILMS  -  AP¬ 
PLICATIONS  OF  HIGH  TEMPERATURE  SUPERCONDUCT¬ 
ING  FILMS  -  Y.-Y.  Jeong  and  K.  Rose,  Center  for  Integrated 
Electron,  Rensselaer  Polytechnic  Inst,  Troy,  NY 


SESSION  W3 


SESSION  W4 


Papio  Room  3rd  Floor 

Wednesday  AM _ December  7,  1988 

SubMM  DETECTORS 


B.  J.  Clifton.  Presider 


W3.1  A  FAST,  WIDE-SPECTRAL  RANGE  PHOTOCONDUCTIV¬ 
ITY  FIR-DETECTOR  SYSTEM  -  M.  von  Ortenberg  and  J.  Geiger, 
Physikalisches  Institut  der  Universitaet  Wuerzburg,  D-8700  Wuerz- 
-burg,  F.R.  Germany 

W3.2  HIGH  DYNAMIC  RANGE  INFRARED  DETECTORS  -  A.G.U. 
Perera  and  D.D,  Coon,  U  of  Pittsburgh,  Pittsburgh,  PA 

W3.3  PYROELECTRIC  INFRARED  DETECTORS  FOR  PRECISION 
EARTH  SENSOR  -  K.  Nakamura,  T.  Ishigaki,  A.  Kaneko,  S. 
Takahashi,  J.  Nishida,  Matsushita  Research  I  Tokyo,  Inc.,  R&D 
Project  Teams,  3-10  1  Higashimita  Tama-ku  Kawasaki-Shi,  Japan 
214;  Y.  Wakabayashi  and  H.  Nakamura,  National  Space  Devl'mt 
Agency  of  Japan,  Tsukuba  Space  Center,  2-1-1  Sengen  Tsukuba- 
Shi  Ibaraki,  Japan  305 

W3.4  THE  DEPENDENCE  OF  GaAS  SCHOTTKY  DIODE  NOISE 
ON  DRY  ETCHING  DAMAGE  -  T.  Suzuki,  T.  Iinuma  and  K. 
Mizuno,  Research  I  Electrical  Communication,  Tohoku  U,  Sendai 
980,  Japan 

W3.5  MINIMIZATION  OF  HEATING  EFFECTS  OF  A  MECHANI- 
CALLY  STABLE  MOM  POINT  CONTACT  DIODE  FOR  HIGH 
POWER  C02  LASER  DETECTION  -  C.  Yu  and  S.  Tan,  Dept 
of  Electrical  Engineering,  North  Carolina  A&T  State  University, 
Greensboro,  NC  27411 

W3.0  CHARACTERISTICS  OF  A  SCHOTTKY  BARRIER  DIODE 
MIXER  WITH  CONICAL  HORN  ANTENNA  FOR  SUBMIL- 
LIMETER  WAVELENGTHS  -  H.  Nett,  Max-Planck-Institut  fur 
Radioastronomie,  Auf  dem  Hugel  69,  5300  Bonn  I,  West  Ger¬ 
many;  and  B.J.  Clifton,  M.I.T.  Lincoln  Laboratory,  P.O.  Box  73, 
Lexington,  MA  02173 

W3.7  CONVERSION  LOSS  AND  NOISE  FIGURE  THEORETICAL 
ESTIMATION  OF  A  SINLE  MIM  DIODE  SUBMILLIMETER 
MIXER  -  W.N.A.  Pereira,  Instituto  Militar  de  Engenharia,  Rio 
de  Janeiro,  Brazil;  and  M.  Pyee,  ENSAE,  10,  Av  E.Belin  -  31055 
Toulouse  Cedex,  France 

W3.8  ADIABATIC  DEMAGNETIZATION  COOLER  FOR  FAR  IN¬ 
FRARED  DETECTOR  -  A.  Sato,  T.  Yazawa,  Toshiba  Research 
and  Development  Center,  Ukishima,  Kawasaki,  Japan;  J.  Yamamoto, 
Low  Temperature  Center,  Osaka  University,  Suita,  Osaka,  Japan 

W3.9  THE  STUDY  OF  ANTIREFLECTION  DIELECTRIC  FILM  MA- 
TERIAL  ON  MERCURY  CADMIUM  TELLURIDE  ir  DETEC¬ 
TOR  SURFACE  -  Shu  Yuwen  and  Luo  Yuanhai,  North  China  Re¬ 
search  Institute  of  Electro-Optics,  P.O.  Box  8511,  Beijing,  China 

W3.10  ON  THE  WORK  MECHANISM  OF  MIM  POINT  CONTACT 
DIODE  -  G.  Carelli,  N.  Ioli,  A.  Moretti,  D.  Pereira,  M.  Prevedelli, 

F.  Strumia,  Dept  di  Fisica,  Univ  di  Pisa-Italy;  M.  Inguscio,  Univ 
di  Napoli,  Italy _ 


_ Ballroom  (Makai),  7th  Floor 

Wednesday  AM  December  7,  1988 


GYROTRON  II 
T.V.  George,  Presider 

W4.1  MODE  CAPTURE  EXPERIMENTS  ON  THE  150  GHz  GYROTRON 
-  (Invited  Keynote)  -  KfK  Gyrotron  Team,  presented  by  G.  Hochschild, 
Kernforschungszentrum  Karlsruhe,  Institut  fur  Technische  Physik, 
Postfach  3640,  D-7500  Karlsruhe,  Fed  Rep  Germany 

W4.2  PRELIMINARY  RESULTS  FROM  THE  UNIVERSITY  OF  MARY¬ 
LAND  X-BAND  GYROKLYSTRON  -  W.  Lawson,  J.  Calame,  D. 
Welsh,  M.  Skopec,  B.  Hogan,  M.  Naimann,  J.  Renbaum,  and  M.E. 
Read*,  Lab  for  Plasma  Research,  U  of  Maryland,  College  Park, 

MD  20742;  ’Physical  Sciences,  Inc.,  Alexandria,  VA  22314 

W4.3  MODE  INTERACTION  IN  A  PRIMED  GYROTRON  -  A.H.  Mc¬ 
Curdy,  Omega-P  Inc.,  2008  Yale  Station,  New  Haven,  CT  06520; 
C.M.  Armstrong,  Code  6842,  Naval  Research  Lab,  Washington, 

DC  20375-5000 _ 

W4.4  85  GHz  TE1i3  PHASE-LOCKED  GYROKLYSTRON  OSCILLA¬ 
TOR  EXPERIMENT  -  J.M.  Burke*,  M.A.  Czarnaski**,  R.P.  Fis¬ 
cher**,  M.  Giangrave,  A.W.  Fliflet  and  W.M.  Manheimer,  Plasma 
Physics  Div,  Naval  Research  Lab,  Washington,  DC  20375-5000; 
*Burke  Technologies,  Inc.,  San  Diego,  CA  92111;  **Jaycor,  Inc., 
Vienna,  VA  22180 _ 

W4.5  FEASIBILITY  OF  30  GHz  GYROKLYSTRON  AMPLIFIERS  FOR 
DRIVING  LINEAR  SUPERCOLLIDERS  -  V.L.  Granatstein,  W. 
Lawson  and  P.E.  Latham,  Lab  for  Plasma  Research,  U  of  Mary¬ 
land,  College  Park,  MD  20742 

W4.6  AC  SPACE  CHARGE  IN  MODERATELY  RELATIVISTIC  GY- 
ROTRONS  -  P.E.  Latham  and  T.M.  Antonsen,  Jr.,  Lab  for  Plasma 
Research,  U  of  Miryland,  College  Park,  MD  20742 

W4.7  THE  THEORY  OP  LARGE-ORBIT  GYRO-KLYSTRON  WITH 
INCLUSION  OF  SPACE  CHARGE  EFFECT  -  H-B.  Jiang  and 
S.  Yu,  High  Energy  Electronics  Research  Institute,  Chengdu  I  of 
Radio  Engr,  Chengdu,  Sichuan,  P.R.China _ 

W4.8  CALCULATION  OF  LIMITING  CURRENT  IN  CONNECTION 
WITH  APPLICATION  TO  GYROTRON  -  H.S.  Uhm  and  C.  Gre- 
bogi,  Naval  Surface  Warfare  Center,  White  Oak,  Silver  Spring,  MD 
20903-5000 _ 
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_ Ballroom.  7th  Floor _ 

Wednesday  PM  December  7,  1988 


GUIDED  PROPAGATION  II 


_ Y.  Kobayashi.  Presider _ 

W5.1  NONRADIATIVE  SYMMETRICAL  DIELECTRIC  GRATING 
WAVEGUIDE  FOR  MMW  DBR  GUNN  OSCILLATORS  -  Z-W. 

Li,  Dept  of  Radio  Engr,  Southeast  U,  Nanjing,  Jiangsu,  P.R.China 

W5.2  NUMERICAL  RESULTS  ON  DIELECTRIC  RESONATORS  IN¬ 
SIDE  WAVEGUIDES  -  A.  Jostingmeier  and  A.S.  Omar,  Technis- 
che  U,  Hamburg-Harburg,  Hamburg  90  FRG 

W5.3  NON-LINEAR  TLM  MODELLING  OF  HIGH  -FREQUENCY  VAR¬ 
ACTOR  MULTIPLIERS  AND  HALVERS  -  S.  Kosmopoulos  and 
W.J.R.  Hoefer,  U  of  Ottawa,  Ottawa,  Canada;  A.  Gagnon,  Tele- 
mus  Inc.,  Nepean,  Ont.  Canada 

W5.4  NUMERICAL  MODELING  OF  GENERALIZED  MILLIMETER- 
WAVE  TRANSMISSION  MEDIA  WITH  FINITE  ELEMENT  AND 
TRANSMISSION  LINE  MATRIX  METHODS  -  Eswarappa,  G. 
Costache,  W.  Hoefer,  U  of  Ottawa,  Ottawa,  Ont.  Canada 

W5.5  POLARIZATION  CONVERSIONS  IN  DIELECTRIC  STRIP 
WAVEGUIDES  -  Z.M.  Lu,  S.L.  Wang,  S.T.  Peng,  New  York  I 
of  Tech,  Old  Westbury,  NY;  H.  Jenkinson,  US  Army  Armament 
Res,  Devlmt  &  Engr  Clr,  Picatinny,  NJ  07806 

W5.6  THE  SOLUTION  OF  END  EFFECTS  OF  SLOT  LINE  BY  OPEN 
CAVITY  METHOD  -  Y.  Chen,  Southeast,  Nanjing,  PRC 

W5.7  SPECIALLY  CONFIGURED  ULTRA-LOW-LOSS  DIELECTRIC 
WAVEGUIDES  FOR  MM/Sub-MM  WAVES  -  C.  Yeh,  UCLA, 
Los  Angeles,  CA;  F.  Shimabukuro,  Aerospace  Corp,  Los  Angeles, 
CA _ 

W5.8  ANALYSIS  OF  MICROSTRIP  LINES  ON  FERRITE  AND 
ANISOTROPIC  DIELECTRIC  SUBSTRATES  -  M.R.M.L.  Al¬ 
buquerque,  A.G.  D’Assuncao,  M.R.G.  Maia,  UFRN-Natal,  RN, 
Brazil;  A .J.  Giarola,  State  U  of  Campinas,  Campinas,  Brazil 

W5.9  ANALYSIS  OF  FINLINES  ON  BIAXIAL  ANISOTROPIC  DI¬ 
ELECTRIC  -  F.D.A.F.  Tejo,  UFPB-DEE-C.P.  Campina  Grande; 
A.G.  D’Assuncao,  UFRN-DEE-Natal;  A.J.  Giarola,  UNICAMP- 
FEE-DMO-Campinas,  Brazil 

W5.10  SINGLE  MODE  PROPAGATION  IN  MAGNETOOPTICAL  WAVE 
GUIDES  -  J.H.  Marco,  L.  Grau,  F.  Canal,  Univ.  Politccnica  dc 
Catalunya,  Barcelona,  Spain 


_ Mahimahi  Room,  Zrd  Floor 

Wednesday  PM _  December  7,  1988 


HIGH  Tc  SUPERCONDUCTORS  II 


A.J.  Sievers,  Presider 

W6.1  MAKING  SENSE  OF  SUPERCONDUCTING  INFRARED  SEN¬ 
SORS  -  (Invited  Keynote,  40  min)- S.  Wolf,  Naval  Research  Lab, 
Washington,  DC 

W6.2  FAR-IR  REFLECTIVITY  AND  MAGNETIC  FIELD  DEPEN¬ 
DENCE  OF  HIGH  Tc  SUPERCONDUCTORS  -  M.N.  Afsar  and 
H.  Chi,  Tufts  Univ,  EE  Dept,  Medford,  MA  02155 _ 

W6.3  FAR  INFRARED  REFLECTIVITY  OF  CERAMIC  HIGH  Tc  SU¬ 
PERCONDUCTORS  -  K.F.  Renk,  W.  Ose,  J.  SchGtzmann,  T. 
Zetterer,  H.H.  Otto,  J.  Keller  and  K.F.  Renk,  Facultat  f  Physik, 
Univ  Regensburg,  Regensburg,  W.  Germany;  B.  Roas  and  L.  Schultz, 
Siemens  AG,  FRG 

W6.4  FAR  INFRARED  OPTICAL  PROPERTIES  OF  HIGH  Tc  SU¬ 
PERCONDUCTORS  -  S.  Onari,  T.  Hiroaki,  A.  Or.o,  S.  Hidaka 
and  T.  Arai,  Inst  of  Applied  Physics,  Univ  of  Tsukuba,  Tsukuba, 
Ibaraki  305,  Japan _ 

W6.5  FAR  INFRARED  PHOTORESPONSE  OF  GRANULAR  SUPER¬ 
CONDUCTING  FILMS  -  U.  Strom  and  S.A.  Wolf,  N'RL,  Wash¬ 
ington,  DC;  S.  Perkowitz  and  G.L  Carr,  Emory  Univ,  Atlanta, 
GA _ 

W6.6  MICROWAVE  CHARACTERISTICS  OF  BULK  AND  POWDERED 
HIGH  Tc  SUPERCONDUCTORS  -  A.  Meulenberg,  H-L.  Hung, 
and  G.  Tough,  COMSAT  Labs,  Clarksburg,  MD  20871 

W8.7  RF  MEASUREMENTS  OF  HIGH  TEMPERATURE  SUPERCON- 
DUCTING  MATERIAL  -  Jv.  Chang,  R.K.  Pandey,  M.K.  Skrehot, 

M.  Li,  G.R.  Gilbert,  K.W.  Goeking,  B.L.  Gries,  D.L.  M'-bius  J.C. 
McCleary,  Dept  of  EE,  lexas  A&M  Univ,  College  Station,  TX 
77843 _ _ 

W6.8  FTIR  ABSORBANCE  STUDIES  OF  Cu-0  BANDS  OF  YBa2Cu307 
IN  SEMICONDUCTING  AND  SUPERCONDUCTING  PHASE - 
M  M  Pradhan,  R.K.  Garg  and  M.  Arrora,  Natl  Physical  Lab,  New 
Delhi  110012,  India 

W8.9  PERMITTIVITY  OF  HIGH  Tc  CERAMICS  AT  CENTIMETER 
AND  MILLIMETER  WAVELENGTHS  -  R.L.  Moore  and  J.M. 
Bourgeois,  GTRI,  GA  Inst  Tech,  Atlanta,  GA  30332 
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_ Papio  Room,  3rd  Floor 

Wednesday  AM  December  7,  1988 


SubMM  DEVICES 


_ K.  Mizuno,  Presider _ 

W7.1  CHARACTERISTICS  AND  PERFORMANCEOFTHE  NATIONAL 
SYNCHROTRON  LIGHT  SOURCE  INFRARED  BEAMLINE  - 
(Invited,  30  min.)  -  G.  P.  Williams,  C.  J.  Hirschmugl,  D.P.  Sid- 
dons  and  E.A.  Sullivan,  Brookhaven  Natl.  Lab,  Upton,  NY  11973; 

K.D.  Moeller,  P.  Petrone  and  E.  Angelides,  Fairleigh  Dickinson 
Univ,  Teaneck,  NJ  07666:  and  YJ.  Chabal  AT&T  Bel!  Labs,  Mur¬ 
ray  Hill,  NJ  07974;  F.M.  Hoffman,  Exxon  Research  Labs,  Annan- 
dale,  NJ  08801 _ 

W7.2  OPTICALLY-PUMPED  NHj  LASERS  -  A  VERY  STABLE  FRE¬ 
QUENCY  SOURCE  -  J.  Reid  and  K.J.  Siemsen,  McMaster  U  and 
Natl  Research  Council  of  Canada _ 

W7.3  PRFSSURE  EFFECTS  ON  THE  FREQUENCY  OF  OPFIR LASERS 

-  R.L.  Crownovcr  and  F.C.  DeLucia,  Duke  University;  D.D.  Ska- 

trud,  Army  Research  Office,  P.O.  Box  12211,  Research  Triangle 
Park,  NC  27709-2211 _ 

W7.4  TUNABLE  690  GHz  SIXTUPLER  WITH  FUNDAMENTAL  GUNN- 
OSCILLATOR  -  R.  Rudiger  and  P.  Zimmermann,  Radiometer- 
physics,  Bergerwicsenstr.  15,  5309  Meckenheim,  West  Germany 

W7.5  LASER  RADAR  RANGE  IMPROVED  OPTIMIZATION  FOR 
DETECTING  AND  TRACKING  AIRBORNE  COOPERATIVE 
TARGETS  -  J.  Gavan,  Center  for  Technological  Education  Holon, 
P.O.B.  305,  Holon  58102,  Israel;  A.  Korman,  Techno  Science  Ltd, 
P.O.B.  1784,  Ramat  Gan,  Israel 

W7.6  INITIAL  ATTEMPTS  TO  OBSERVE  LONG  WAVELENGTH 
PHASE  CONJUGATION  IN  AN  ARTIFICIAL  KERR  MEDIUM 

-  P.A.  Krug,  School  of  Physics,  U  of  Sydney,  NSW  2006,  Australia; 

D.K.  Mansfield,  Plasma  Physics  Lab,  Princeton  Univ,  Princeton, 

NJ  98544 _ 

W7.7  SUBMILLIMETER  WAVE  LOW  TEMPERATURE  ADMITTANCE 
OF  N-GaAs  AND  InP  DIODE  STRUCTURES  USING  TRANS¬ 
PORT  ANALYSIS  -  C.M.  Krowne,  Electronics  Science  and  Tech 
Div,  Naval  Research  Lab,  Washington,  DC  20375-5000 

W7.8  ANALYSIS  OF  SCATTERING  FROM  OIL  FILM  ON  SEA  SUR¬ 
FACE  WITH  MODEL  OF  STRATIFIED  MEDIUM  WITH  SLIGHTLY 
ROUGH  INTERFACES  -  Shanjia  Xu  and  Liguo  Sun,  Dept  of  Ra- 
dio  and  Elec,  U  of  Science  and  Tech  of  China,  Hefei,  Anui  230029, 
P.R.China _ _ 

W7.9  MICROFABRICATED  SUBMILLIMETER BWO  EXPERIMENTS 

-  L.R.  Barnett,  J.M.  Baird,  R.W.  Grow,  Dept  of  Elec  Engr,  U  of 

Utah,  Salt  Lake,  I'T  841 12 _ 

W7.10  STUDY  OF  OPTICAL  OUTPUT  COUPLERS  FOR  SUBMIL¬ 
LIMETER  WAVELENGTH  BACKWARD-WAVE  OSCILLATORS 
(BWO’s)  -  J.D.  Cook,  Dept  of  Physics,  Eastern  Kentucky  U,  Rich¬ 
mond,  KY  40474;  N.  Stankicwicz,  NASA/Lewis  Research  Ctr, 
Cleveland,  OH  44135  _  _ 


_ Ballroom  (Makai),  7"*  Floor _ 

Wednesday  PM  December  7,  1988 


GYROTRON  III 
J.M.  Baird,  Presider 


W8.1  OPERATION  AND  PROSPECTS  OF  HIGH-POWER,  HIGH- 

FREQUENCY  QUASI-OPTICAL  GYROTRONS  -  (Invited  Keynote) 

-  CRPP  and  ABB  Quasi-Optica!  Gyrotron  Development  Group, 
presented  by  M.Q.  Tran,  CRPP,  Lausanne,  Switzerland 

W8.2  OPERATION  OF  A  QUASI-OPTICAL  GYROTRON  WITH  VARI¬ 
ABLE  OUTPUT  COUPLING  -  AAV.  Fliflet,  T.A.  Hargreaves*, 
W.M.  Manhcimer,  R.P.  Fischer**,  and  M.L.  Barsanti**,  NRL, 
Washington,  DC  20375-5000 

W8.3  NONLINEAR  THEORY  OF  A  QUASI-OPTICAL  GYROTRON 
WITH  AN  ELECTRON  BEAM  AT  AN  OBLIQUE  ANGLE  - 
C.Y.  Wang*,  K.E.  Kreischer,  R.J.  Temkin,  MIT  Plasma  Fusion 
Center  NW16,  167  Albany  St,  Cambridge,  MA  02139; 

W8.4  120  GHz  AXISYMMETRIC  QUASI-OPTICAL  GYROTRON  - 
Y.  Itoh,  M.  Komuro,  K.  Hayashi  and  T.  Sugawara,  Toshiba  Corp., 

4-1,  Ukishimacho,  Kawasaki-ku.  Kawasaki  210  Japan 

W8.5  DESIGN  OF  A  QUASI  -OPTICAL  GYROTRON  WITH  A  SHEET 
ELECTRON  BEAM  -  M.E.  Read  and  A.J.  Dudas,  Physical  Sci¬ 
ences,  Alexandria,  VA;  J.  Petillo  and  A.  Drobot,  Science  Applica¬ 
tions  Int’l  Corp,  McLean,  VA 

W8.0  MODE  STABILITY  IN  A  QUASI-OPTICAL  GYROTRON  -  W.M. 
Manhcimer,  NRL,  Washington,  DC;  T.M.  Antonsen  and  B.  Le- 
vush,  U  of  Maryland,  College  Park,  MD 

W8.7  MODE  COMPETITION  IN  QUASI-OPTICAL  GYROTRONS 

-  S.  Riyopoulos,  Science  Applications  Int’l  Corp,  McLean,  VA; 
W.M.  Manheimer  and  A.  Fliflet,  NRL,  Washington,  DC 

W8.8  FREQUENCY  STEP-TUNABLE  GYROTRON  -  O.  Dumbrajs, 

Arbeitsbereich  Hochfrequenztechnik,  Technische  U,  Hamburg-Harburg, 
D-2000  Hamburg  90,  FRG,  B.  Piosczyk,  Kcrnforscliungszcntrum 
Karlsruhe,  l  fur  Technische  Physik,  Karlsruhe  FRG 

W8.0  SIMULATION  OF  THE  ELECTROSTATIC  CYCLOTRON  IN¬ 
STABILITY  ON  AN  ANNULAR  ELECTRON  BEAM  -  F.S.  Kuo, 

Dept  of  Physics,  Nat’l  Central  U,  Chung-Li  Taiwan,  P.R.  China; 

J.J.  Su,  Dept  of  Physics,  Los  Angeles,  CA;  K.R.  Chu,  Physics 
Dept,  Nat’l  Tsing  Hua  U,  Hsinchu,  Taiwan  ROC 


SESSION  Thl 


SESSION  Th2 


 Ballroom  (Mauka),  Ith  Floor 

Thursday  AM  December  8,  1988 


INTEGRATED  CIRCUITS  I 


C.  Seashore,  Presider 

Thl.l  MILLIMETRE-WAVE  MONOLITHIC  AND  HYBRID  INTEGRATED 
CIRCUIT  TECHNOLOGY  -  (Invited  Keynote)  -  JAV.  Archer, 


CSIRO,  Epping  NSW  2121,  Australia 

Thl.2  AN  EFFECTIVE  MODEL  OF  E-PLANE  METAL  SEPTUM  FOR 
MILLIMETER  WAVE  INTEGRATED  CIRCUIT  DESIGN  -  J. 
Hong,  98  Market  Road,  Gu  Lang  Yi,  Xiamen,  Fujian,  P.R.China 

Thl.3  BROADBAND  PHASE  MODULATORS  IN  INTEGRATED  FIN- 
LINE  TECHNIQUE  FOR  MILLIMETRE-WAVE  APPLICATIONS 
-  E.  Kpodzo,  Bell-Northern  Research,  P.O.  Box  3511,  Station  C, 
Ottawa,  Canada  KlY  4H7 

Thl.4  GaAs  TRAVELLING  WAVE  SCHOTTKY  CONTACT  COPLA- 
NAR  WAVEGUIDE  WITH  APPLICATIONS  TO  MIMIC  -  D.R. 
Singh,  Honeywell,  MN38-3300, 10400  Yellow  Circle  Dr,  Minnetonka, 
MN  55434;  K.S.  Champlin,  Dept  Elec  Engr,  U  of  Minnesota,  Min¬ 
neapolis,  MN  55454 

Thl.5  OPTIMAL  DESIGN  OF  MILLIMETER  WAVE  INTEGRATED 
E-PLANE  DIPLEXERS  -  J.  Hong  and  J.  Shi,  Dept  of  Radio 
Engr,  Fuzhou  Univ,  Fujian,  P.R.China 

Thl.6  INTEGRATED  CIRCUIT  ACTIVE  ARRAYS  AND  SPATIAL 
POWER  COMBINERS  USING  APERTURE  COUPLED  PATCH 
ANTENNAS  -  K.  Chang,  K.A.  Hummer  and  J.L.  Klein,  Dept  of 
Elec  Engr,  Texas  A&M  Univ,  College  Station,  TX  77843-3128 

Thl. 7  UNIVERSAL  TEST  FIXTURE  FOR  MONOLITHIC  MM-WAVE 
INTEGRATED  CIRCUITS  USING  A  NOVEL  DEEMBEDDING 
PROCEDURE  -  R.R.  Romanofsky  and  K.A.  Shalkhauser,  NASA 
Lewis  Research  Center,  Cleveland,  Ohio  44135 

Thl.8  ON  THE  MEASUREMENT  OF  MM-WAVE  PROPAGATION 
CHARACTERISTICS  OF  GaAs  MICROSTRIP  LINES  -  R.R. 
Romanofsky,  K.L.  Adaway,  and  K.B.  Bhasin,  NASA  Lewis  Re¬ 
search,  Cleveland,  Ohio  44135 


_ Mahimahi  Room,  3**  Floor _ 

Thursday  AM  December  8,  1988 


NEAR  MMW  MEASUREMENTS  fc  TECHNIQUES 
_ T.  Matsui,  Presider _ 

Th2.1  INTERNATIONAL  SAMPLE  EXCHANGE  FORTHE  COMPAR¬ 
ISON  OF  NEAR-MILLIMETER  WAVE  CHARACTERIZATIONS 
OF  MATERIALS  -  (Invited  Keynote,  10  min)  -  G. J.  Simonis  and 
J.R.  Birch*,  Harry  Diamond  Labs,  Adelphi,  MD;  *NatI  Physical 
Lab,  Div  of  Elec  Science,  Middlesex,  U.K. 

Th2.2  SOLID  STATE  SPECTROSCOPY  IN  FAR  IR  AND  MM  WAVES 
REGIONS  BY  SYNCHROTRON  RADIATION  -  (Invited  Keynote, 
40  min)-  T.  Nanba,  Dept  of  Physics,  Tohoku  U,  Sendai  980,  Japan 

Th2.3  MILLIMETER  WAVE  MEASUREMENT  OF  COMPLEX  PER¬ 
MITTIVITY  BY  IMPROVED  DIELECTRIC  DISK  RESONATOR 
METHOD  -  Y.  Kobayashi  and  J.  Sato,  Dept  Elec  Engr,  Saitama 
U,  Urawa,  Saitama  338,  Japan 

Th2.4  NEAR  MMW  DIELECTRIC  MEASUREMENTS  BY  MEANS 
OF  A  NON-DISPERSIVE  FOURIER  TRANSFORM  SPECTROM- 
ETER  OPTIMIZED  BELOW  15cm-'  REGION  -  K.  Sakai,  T. 
Nakano  and  Y.  Ichioka;  Dept  Applied  Physics,  Osaka  U,  Suita,  Os¬ 
aka  565,  Japan;  H.  Matsuo  and  K.  Kawahata,  Nagoya  U,  Chikusa, 
Nagoya  464,  Japan 

Th2.5  THE  MARPLE  ALGORITHM  FOR  THE  AUTOREGRESSIVE 
SPECTRAL  ESTIMATES  OF  SMMW  FOURIER  TRANSFORM 
SPECTROSCOPY  DATA  -  G.  Zhang  and  G.  Zhou,  Elec  Dept, 
Zhongshan  U,  Guangzhou,  P.R.C. 

Th2.6  SOME  NEW  PROPERTIES  OF  LOADED  RESONATORS  -  L.F. 
Libelo  and  G-E.  Pisane,  Harry  Diamond  Labs,  Adelphi,  MD 

Th2.7  NEAR-MILLIMETER  WAVELENGTH  MEASUREMENTS  OF 
COMPLEX  INDEX  VALUES  OF  SEVERAL  POLYMER  MA¬ 
TERIALS  -  G.J.  Simonis  and  M.  Stead,  Harry  Diamond  Labs, 
Adelphi,  MD _ 

Th2.8  THEORY  AND  PRACTICE  IN  OPEN  RESONATOR  MEASURE¬ 
MENTS  OF  MULTI-LAYER  SAMPLES  -  T.  Weils,  GTRI,  GA 
Inst  Tech,  Atlanta,  GA 

Th2.9  DIELECTRIC  PROPERTIES  OF  COMPOSITE  STRIPLINE/- 
RADOME  MAT’LS  -  R.L.  Moore  and  A.  MacDonald,  GTRI,  GA 
Inst  Tech,  Atlanta,  GA 
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SESSION  Th3 


SESSION  Th4 


_ Papio  Room.  ird  Floor 

Thursday  AM  December  8,  1988 


LASERS  1 _ 

K.  M.  Evenson.  Presider _ 

Th3.1  PHYSICAL  PROCESSES  AND  DEVELOPMENT  OPPORTU¬ 
NITIES  IN  FAR-INFRARED  LASERS  -  (Invited  Keynote)  Frank 
C-  LeDucia,  Duke  University,  Durham,  NC  27706 

Th3.2  W1DE-BAND  GERMANIUM  LASERS  IN  THE  RANGE  FROM 
FAR-INFRARED  TO  MILLIMETER  WAVES  -  (Invited  Keynote ) 

S.  Komiyama,  Dept  of  Pure  and  Applied  Sciences,  University  of 
Tokyo,  Kamaba,  Tokyo  153,  JAPAN 

Th3.3  OPTICALLY  PUMPED  MID-INFRARED  NHj  LASERS  -  (In¬ 
vited  Keynote)  J.  Reid,  Lumonics  Inc.,  Kanata,  Ontario,  CANADA 
K2K  1Y3  _ 

Th3.4  ,jNH3  RAMAN  FIR  LASER  -  W.  Zhu  and  J.R.  Izatt,  Dept  of 
Physics  and  Astronomy,  Unviersitv  of  Alabama,  Tuscaloosa,  AL 
35487 _ 

Th3.5  SUBMILLIMETER-WAVE  LASER  PUMPED  BY  AN  EMQ- 
S WITCHED  C02  LASER  -  H.  Shirai,  J.  Bae,  T.  Nishida,  K. 
Mizuno,  Research  Institute  of  Electrical  Communication,  Tohoku 
Unversity,  Sendai  980,  JAPAN _ 

Th3.6  LINEWIDTH  AND  POLARIZATION  OF  AN  OPTICALLY-PUMPED 
GAAS  SURFACE-EMITTING  LASER  WITH  INTEGRATED  BRAGG 
REFLECTORS  -  J.  Faist,  F.  Morier-Genoud,  D.  Martin,  M.A. 
Dupertuis,  J.D.  Ganiere,  F.K.  Reinhart,  Inst.  Optoelectronics, 
PHB-Ecublens,  CH-1015,  Lausanne,  Switzerland 


Ballroom  (Makai).  7,k  Floor 

Thursday  AM  December  8,  1988 


GYROTRON IV 


N.C.  Luhmann,  Presider 


Th4.1  MILLIMETER  WAVE  CARM  AMPLIFIER  EXPERIMENT  - 
( Invited  Keynote)  -  B.G.  Danly,  K.D.  Pendergast  and  R. J.  Temkin, 
MIT  Plasma  Fusion  Center,  Cambridge,  MA  02139 

Th4.2  DESIGN  AND  ANALYSIS  OF  A  1  GIGAWATT  250  GHz  CARM 
AMPLIFIER  USING  AN  INDUCTION  LINAC  -  M.  Caplan  and 
J.K.  Boyd,  Lawrence  Livermore  Nat’l  Lab,  P.O.  Box  808,  Liver¬ 
more,  CA 

Th4.3  THE  NRL  100  GHz  COLD-CATHODE  CARM  -  R.B.  McCowan, 

C. A.  Sullivan,  AAV.  Fliflet,  D.A.  Kirkpatrick,  Science  Applica¬ 

tions  Int’l  Corp,  McLean,  VA  22101;  W.M.  Manheimer,  S.H.  Gold, 
W.M.  Manheimer,  W.M.  Black,  A.K.  Kinkead  and  M.  Sucy,  Code 
4740,  Plasma  Physics  Div,  Naval  Research  Lab,  Washington,  DC 
20375 _ 

Th4.4  CYCLOTRON  AUTORESONANCE  MASER  (CARM)  EC  HEAT¬ 
ING  SOURCE  FOR  HIGH  FIELD  TOKAMAKS  -  Q.S.  Wang, 
A.T.  Lin,  N.C.  Luhmann,  Jr.  and  D.B.  McDermott,  UCLA,  Los 
Angeles,  CA;  K.R.  Chu,  Nat’l  Tsing  Hua  U  Taiwan,  Rep  of  China 

Th4.5  OPTICAL  GUIDING  IN  THE  CYCLOTRON  AUTORESONANCE 
MASER  -  R.G.  Kieva  and  B.  Levush,  U  of  Maryland,  College 
Park,  MD  20742;  P.  Sprangle,  Naval  Research  Lab,  Washington, 
DC  20375 _ 

Th4.6  INITIAL  OPERATION  OF  A  CHERENKOV  CARM  -  H.  Cao, 

D. B.  McDermott  and  N.C.  Luhmann,  Jr.,  UCLA,  Los  Angeles, 

CA _ 

Th4.7  HIGH  POWER,  MULTI-CAVITY  PHASE-LOCKED  GYROTRON 
OSCILLATOR  EXPERIMENT  -  S.H.  Gold,  AAV.  Fliflet,  W.M. 
Black,  D.A.  Kirkpatrick,  SAIC,  McLean,  VA  22101;  W.M.  Man- 
hiemer,  Plasma  Physics  Div,  Naval  Research  Lab,  Washington, 
DC  20375-5000 
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SESSION  Th5 


SESSION  Th6 


Thursday  PM  December  8,  1988 


_ INTEGRATED  CIRCUITS  II _ 

_ W,  Hoefer.  Presider _ 

Th5.1  MMW  MONOLITHIC  INTEGRATED  CIRCUITS:  IMPLICATIONS 
AND  APPLICATIONS  -  (Invited  Keynote)- C.R.  Seashore,  Hon¬ 
eywell,  Inc.,  10-100  Yellow  Circle  Dr,  Minnetonka,  NM  553-13 

Th5.2  DOMINANT  MODE  PROPAGATION  CHARACTERISTICS  FOR 
DIELECTRIC  TAPE  IMAGE  LINE  -  J.C.  Wiltse,  GTRI,  Georgia 
Inst.  Tech,  Atlanta,  GA  30332 

Th5.3  MONOLITHIC  WATT-LEVEL  MILLIMETER-WAVE  BARRIER- 
INTRINSIC-N+  (BIN)  DIODE-GRID  FREQUENCY  TRIPLER 
ARRAY  -  R.J.  Hwu,  N.C.  Luhmann,  Jr.,  Dept  of  Elec  Engr,  U 
of  CA,  Los  Angeles,  CA  90024;  D.B.  Rutledge,  CIT,  Pasadena; 

D.  Streit,  T.  O'Neill,  TRW,  Redondo  Beach,  CA;  B.  Hancock,  U. 
Lieneweg,  JPL,  Pasadena,  CA 

Th5.4  ANALYSIS  OF  A  NOVEL  MONOLITHIC  GaAs  MIS  PHASE 
SHIFTER  -  M.E.  McKaughan  and  F.C.  Jain,  U  of  Connecticut, 
Dept  Elec  and  Systems  Engr,  U-157,  Room  312,  260  Glenbrook 
Rd,  Storrs,  CT  06268 _ 

Th5.5  MILLIMETER-WAVE  MMIC  PACKAGING  DESIGN  -  M.J 
Gawronski,  J.R.  Lamberg,  D.R.  Singh,  Honeywell  Inc,  10400  Yel¬ 
low  Circle  Dr,  Minnetonka,  MN  55343 

Th5.0  SCATTERING  OF  PLANE  WAVE  BY  MICROSTRIP  LINES  - 
S.T.  Peng,  NY  Inst  of  Technology,  Old  Westbury,  NY  11568;  R.T. 
Kinascwitz,  US  Army  Armament  Research,  Devl’mt  and  Engr  Ctr, 
Picatinny,  NJ  07806-5000 _ 

Th5.7  FINLINE-DISPLACEMENT  ISOLATOR  -  THE  THEORETI¬ 
CAL  AND  EXPERIMENTAL  INVESTIGATION  -  J.  Huang  and 
Q.  Yang,  Dept  of  Radio  Engr,  Southeast  University,  Nanjing, 
China _ 

Th5.8  DESIGN  AND  PERFORMANCE  OF  20  AND  45  GHz  MMIC 
LANGE  COUPLERS  -  J.E.  Wallace  and  C..A.  Ellis,  Boeing  Elec¬ 
tronics  Company,  High  Tech  Center,  P.O.  Box  24969,  M/S  7J-65, 
Seattle,  WA  98124 


_ Mahimahi  Room.  3T<1  Floor _ _ 

Thursday  PM  December  8,  1988 

_ MATERIALS  CHARACTERIZATION _ 

_ G.  J.  Simonis.  Presider _ 

ThO.l  FAR-INFRARED  AND  SURFACE  LAYERS  -  (Invited  Keynote, 

)0  min)  -  A.  Hadni  and  X.  Gerbaux,  U  of  Nancy  1,  Nancy,  France 

Th6.2  CHARACTERIZATION  OFTHE  INFRARED  AND  FAR-INFRARED 
PROPERTIES  OF  SAPPHIRE  AND  QUARTZ  -  M.E.  Thomas 
and  R.I.  Joseph,  The  John  Hopkins  U,  Applied  Physics  Lab,  Lau¬ 
rel,  MD  20707;  G.J.  Simonis  and  M.  Stead,  LABCOM  Harry  Di¬ 
amond  Labs,  Adelphi,  MD  20783 

Th0.3  SOFT  MODE  SPECTROSCOPIC  STUDY  OF  FERROELEC¬ 
TRIC  PHASE  TRANSITION  IN  Li2Ge?015  -  M.  Wada,  A.  Sawada*, 
and  Y.  Ishibashi*,  Dept  of  Physics,  Faculty  of  Liberal  Arts,  Shin- 
shu  U,  Matsumoto  390,  Japan;  ‘Synthetic  Crysatal  Res  Lab,  Fac¬ 
ulty  of  Engr,  Nagoya  U,  Nagoya  464,  Japan 

ThO.4  FAR  IR  TRANSMISSION  SPECTRA  OF  ROCHELLE  SALT  AT 
5K  -  X.  Gerbaux  and  A.  Hadni,  U  of  Nancy  1,  Nancy,  France 

TH8.5  MEASUREMENT  OF  THE  SPECTRAL  THERMAL  EMISSION 
FROM  TECHNICAL  INFRARED  RADIATORS  -  A.  Leupin,  H. 

Vetsch  and  F.K.  Kne/”ubuhl,  Infrared  Phjsics  Lab,  ETH,  Aurich, 
Switzerland _ 

Th0.8  THE  RELATION  BETWEEN  IR  AND  VIS  SPECTRAL  PROP¬ 
ERTIES  OF  GLASSES  AND  THE  ENERGY  TRANSFER  THROUGH 
WINDOWS  -  R.  Furler,  P.  Williams  and  F.K.  Kneubuhl,  ETH, 
Zurich,  Switzerland 

Th6.7  EFFECT  OFTEMPERATURE  OF  IR-ABSORPTION  OF  DIPHENYL 
-  M.I.  Nasser  and  M.A.  Moharram,  Physics  Dept,  Natl  Research 
Ctr,  Dokki,  Cairo,  Egypt 

Th0.8  MEASUREMENT  OF  THE  DIELECTRIC  CONSTANT  OF  FER¬ 
ROELECTRIC  KH2PH4  AT  35  GHz  BY  TRANSMISSION  IN  A 
WAVEGUIDE  -  M.  Horioka,  Dept  Electronics,  Kanazawa  Inst 
Tech,  Kanazawa  921,  JAPAN 

TI18.O  TEMPERATURE  INDEPENDENT  PERMITTIVITIES  IN  COM¬ 
POSITES  OF  TWO  OR  MORE  DIELECTRICS  -  R.L.  Moore 
and  J.  Estrada,  GTRI,  Atlanta,  GA 


SESSION  Th7  SESSION  Th8 


_ Papio  Room,  3ri  Floor 

Thursday  PM _ December  8.  1988 

_ LASERS  XI _ 

_ F.  K.  Kneubuhl.  Presider 


Th7.1  FAR-INFRARED  LASER  SPECTROSCOPY  -  (Invited  Keynote ) 

K.  M.  Evenson,  National  Bureau  of  Standards,  Boulder,  CO  80303 

TH7.2  SPECTROSCOPY  AND  FIRLASER  EMISSION:  PERISCOPE 
TO  THE  VIBRATIONAL  WORLD  OF  METHANOL  AND  METH  Y- 
LAMINE  -  (Invited  Keynote)  R.  M.  Lees,  U  of  New  Brunswick, 
Fredericton,  NB,  Canada  E3B  5A3 

Th7.3  TEMPERATURE  AND  PRESSURE  DEPENDENCE  OF  CH3F 
RAMAN  FIR  LASER  EMISSION  -  Yu  Guan  and  J.  R.  Izatt, 
Dept  of  Physics  and  Astronomy,  U  of  Alabama,  Tuscaloosa,  AL 
35487  _ _ 

TH7.4  HOMOGENOUS  LINEWIDTHS  AND  LEVEL-CROSSING  SIG¬ 
NALS  OF  SOME  PUMP  TRANSITIONS  OF  ,2CH30H  cw  LASER 
LINES  -  N.  Sokabe,  K.  Matsushima  and  A.  Murai,  Dept  of  Ap¬ 
plied  Physics,  Osaka  City  University,  Osaka,  Japan 

Th7.5  IR  SPECTRA  AND  FIR  LASER  ASSIGNMENTS  FOR  0-18 
METHANOL  -  R.M.  Lees,  W.  Lewis-Bevan,  J.W.C.  Johns  and 
D.P.  Donovon,  Physics  Department,  U  of  New  Brunswick,  Box 
4400,  Fredericton,  NB,  Canada  E3B  5A3 

Th7.6  FIR  LASER  ASSIGNMENTS  FORMETHYLAMINE-  R.M.  Lees, 
Physics  Department,  U  of  New  Brunswick,  Box  4400,  Fredericton, 
NB  Canada  E3B  5A3;  W.  Lewis-Bevan,  So.  Illinois  Univ,  Car- 
bondalc,  IL  62901 

Th7.7  DETERMINISTIC  CHAOS  IN  OPTICALLY  PUMPED  FAR- 
INFRARED  RAMAN  LASERS  -  S.  Rai  and  J.R.  Izatt,  Dept 
Physics,  U  of  Alabama,  Tuscaloosa,  AL  35487;  J  Rai  and  C  M 
Bowden,  Research  Directorate  Research,  Development,  and  Engi¬ 
neering  Ctr.,  U.S.  Army  Missile  Command,  Redstone  Arsenal,  AL 
35898-5248  _ _ . _ 


_ Ballroom  (Makai),  71*  Floor 

Thursday  PM  December  8,  1988 


GYROTRON  V 
R.J.  Barker,  Presider 


Th8.1  EXPERIMENTAL  RESULTS  ON  RELATIVISTIC  GYRO- 
DEVICES  -  R.  McGowan,  S.  Gold,  W.M.  Black  and  W.M.  Man- 
heimer,  Plasma  Physics  Div,  Naval  Research  Lab,  Washington, 
DC  20375-5000  _ 

Th8.2  INTENSE  ELECTRON  BEAM  CYCLOTRON  MASERS  WITH 
MICROSECOND  PULSELENGTHS  -  R.M.  Gilgenbach,  J.G.  Wang, 
J.J.  Choi,  C.  Outten  and  T.  Spencer,  Intense  Energy  Beam  Inter¬ 
action  Lab,  Nuclear  Engr  Dept,  The  U  of  Michigan,  Ann  Arbor, 
MI  48109-2104 _ 

Th8.3  EXPERIMENTAL  INVESTIGATION  OF  THE  EFFECTS  OF 
A  NEUTRALIZING  BACKGROUND  PLASMA  ON  THE  OP- 
ERATION  OF  A  HIGH  CURRENT  GYROTRON  -  D.A.  Kirk¬ 
patrick*,  S.H.  Gold,  A.K.  Kinkead,  W.M.  Manheimer,  C.A.  Sulli¬ 
van*,  Plasma  Physics  Div,  Naval  Research  Lab,  Washington,  DC 
20375-5000;  *Science  Applications  Int’l  Corp,  McLean,  VA  22102 

Th8.4  DESIGN  OF  A  1  MW  GYRO-TWT-C.S.  Kou,  D.B.  McDermott, 
C.K.  Chong  and  N.C.  Luhmann,  Jr.,  UCLA,  Los  Angeles,  CA 

Th8.5  EFFICIENCY  ENHANCEMENT  IN  GYRO-BWO  BY  TAPERED 
MAGNETIC  FIELD  -  A.K.  Ganguly  and  S.  Ahn,  US  Naval  Re¬ 
search  Lab,  VVashington,  DC  20375-5000 

TI18.6  OPERATION  OF  A  140  GHz  TUNABLE  BACKWARD-WAVE 
GYROTRON  OSCILLATOR- W.C.  Guss,  K.  Kreischcr,  R.Temkin, 
MIT  Plasma  Fusion  Center  NW16,  Cambridge,  MA  02139;  M. 
Caplan,  Lawrence  Livermore  Nat’!  Lab,  P.O.  Box  808,  Livermore, 

C  A;  D.  Pirkle,  Varian  Associates,  61 1  Hansen  Way,  Palo  Alto,  CA 

Th8.7  A  GYROTRON  TWT  AMPLIFIER  EXPERIMENT  DESIGNED 
FOR  HIGH  STABILITY  -  L.R.  Barnett,  K.R.  Chu,  C.C.  Tu,  L.H. 
Chang  and  H.N.  Liu,  Dept  of  Physics,  National  Tsing  Hua  U, 
Hsinchu,  Taiwan  30043,  Rep  of  China 

Th8.8  AN  EXPERIMENTAL  SIXTEENTH  HARMONIC  CUSPTRON 
DEVICE  -  S.P.  Kuo,  K.K.  Tiong,  and  P.E.  Miller,  Polytechnic  U, 
Farmingdale,  NY  11735 

ThS.O  RESONATOR  WITH  A  CURVED  WALL  FOR  A  GYROTRON  - 
O.  Dumbrajs,  Arbeitsbercich  Hochfrequenztechnik,  Technische  U, 
Hamburg-Harburg,  D-2000  Hamburg  90,  FRG;  H.  Wenzelburger, 
Kcrnforschungszcntrum  Karlsruhe,  1  fur  Datcnvcrarbcitung  in  der 
Tcchnik,  Karlsruhe,  FRG 
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SESSION  FI 


SESSION  F2 


_ Ahi  Room,  3rd  Floor _ 

Friday  AM_ December  9,  1988 

MMW  DEVICES  I 

_ K.  Chang,  Presider _ 

Fl.l  MODULATION  OF  INTENSE  RELATIVISTIC  ELECTRON 
BEAMS  FOR  HIGH  POWER  MICRO-  AND  MILLIMETER  WAVE 
GENERATION  -  THEORY  AND  SIMULATION  -  J.  Krall,  Sci¬ 
ence  Applications  Inti.  Corp,  McLean,  VA;  Y.Y.  Lau,  M.  Fried- 
man  and  V.  Scrim,  NRL,  Washington,  DC _ 

F1.2  MILLIMETER-WAVE  SUSPENDED  PARALLEL-COUPLED  FIL¬ 
TERS  AT  Ka  AND  W-BAND  -  T.C-C.  Ho  and  K.  Chou,  Chung 
Shan  I  of  Science,  Lung-Tan,  Taiwan,  ROC 

F1.3  THE  PRINTED-CIRCUIT  RAT-RACE-TYPE  DIRECTIONAL 
COUPLER  FOR  LARGER  POWER-SPLIT  RATIO  - 1.  Ohta,  I. 
Hagino,  and  T.  Kaneko,  Faculty  of  Engr,  Himeji  I  of  Tech,  2167 
Shosha,  Himeji-shi,  671-22,  Japan _ 

Fl.4  CIRCULATOR  USING  GaAs  DUAL-GATE  FET  -  S.  Toyoda, 
Dept  Elec  Engr,  Osaka  I  of  Tech,  Osaka,  Japan 

F1.5  AN  EXPERIMENTAL  STUDY  OF  JOSEPHSON  EFFECT  IN 
BULK  YBaCuO  -  S.Z.  Cai,  Y.S.  Hou  and  E.X.  Yu,  E.E.  Dept, 
Fudan  Univ,  Shanghai,  P.R.China _ 

Fl.6  A  SIMPLE  AND  LOW  COST  3-PROBE  MEASUREMENT  TECH¬ 
NIQUE  USING  MICROSTRIP  CIRCUITS  -  K.  Chang,  M.  Li  and 
T.  Sauter,  Dept  Elec  Engr,  Texas  A&M  Univ,  College  Station,  TX 

Fl.7  EXPERIMENTAL  RESULTS  OF  A  HIGH  Q  QUASI-OPTICAL 
REFLECTION  CAVITY  -  K.A.  Lee  and  M.A.  Frerking,  JPL, 
California  I  of  Tech,  Pasadena,  CA  91109 _ 

F1.8  CW  DOPPLER  SYSTEMS  FOR  EXTERNAL  URODYNAMIC 
STUDY,  COMPARISON  BETWEEN  ELECTROMAGNETIC 
WAVE  AND  AIRBORNE  ULTRASOUND  -  Yasuhito  Takeuchi, 
Yokogawa  Medical  Systems,  Ltd,,  Tokyo,  190  Japan _ 

FX.9  DEVELOPMENT  OF  A  BROADBAND  3-mm  PHF  H-PLANE 
WAVEGUIDE  CIRCULATOR  -  D.  Zhang  and  Z.  Wu,  Applied 
Phys.  Inst,  Box  83,  Chengdu,  Sichuan,  P.R.China _ 

FI. 10  DETERMINATION  OF  I-V  CHARACTERISTICS  OF  NEGA¬ 
TIVE  CONDUCTANCE  DEVICES  FROM  MICROWAVE  RE¬ 
FLECTION  COEFFICIENTS  -  P.  Huang,  A.  Botula,  N.C.  Luh- 
mann,  Jr,  and  D.S.  Pan,  UCLA,  Los  Angeles,  CA  90024 


_ Mahimahi  Room,  3rd  Floor _ 

Friday  AM _ December  9,  1988 


SEMICONDUCTORS 
M.  von  Ortenberg,  Presider 


F2.1  SUBMILLIMETER  WAVE  EMISSION  FROM  SEMICONDUC¬ 
TOR  SUPERLATTICES  -  (Invited  Keynote,  40  min)  -  M.  Helm, 

E.  Colas,  P.  England,  F.  DeRosa,  S.J.  Allen,  Jr,  Bell  Communica- 
tions  Research,  Red  Bank,  NJ  07701-7020 _ 

F2.2  FAR-INFRARED  NON-ASTIGMATIC  CZERNNY-TURNER 
MONOCHROMETER  FOR  STRESSED  Ge:Ga  PHOTOCONDUC¬ 
TOR  EXPERIMENTS  -  N.  Hiromoto  and  T.  Itabe,  Commu¬ 
nications  Research  Laboratory,  Koganei,  Tokyo  184,  Japan;  H. 
Takami,  Nat'l  Astron.  Sci;  H.  Okuda,  H.  Matsuhara,  H.  Shibai 
and  T.  Nakagawa,  I  Space  &  Astron  Sci.,  Japan 

F2.3  HIGH  FREQUENCY  SEMICONDUCTOR  HETEROSTRUCTURE 
DEVICE  ANALYSIS  -  C.M.  Krowne  and  G.B.  Tait,  NRL,  DC 

F2.4  FAR  INFRARED  ABSORPTION  SPECTRA  OF  AMORPHOUS 

(AsjSaHSbjS,)  SEMICONDUCTORS  AND  THE  SPATIAL  C'lARCE 
FLUCTUATION  -  K.  Matsuishi,  T.  Anzaki,  S.  Onari  and  T.  Arai. 

Inst  of  Applied  Physics,  U  of  Tsukuba,  Tsukuba,  Ibaraki  305, 

Japan _ 

F2.5  INFRARED  ABSORPTION  SPECTRUM  OF  Ge(Na)  -  L.T.  Ho, 

Inst  of  Physics,  Academia  Sinica,  Taipei,  Taiwan,  R.O.China 

F2.6  EFFECTS  OF  ANNEALING  ON  THE  ELECTRICAL  PROPER¬ 
TIES  OF  Cdo.2Hgo.9Te  GROWN  BY  LPE  -  I.  Yasumura  and  K. 

Sato,  Mitsubishi,  Elec  Corp,  Amagasaki  661,  Japan;  Y.  Yoshida 
and  Y.  Koniine,  Mitsubishi  Elec  Corp,  Itami  664,  Japan 

F2.7  MILLIMETER  AND  SUBMILLIMETER  WAVE  OPTICAL  AND 
DIELECTRIC  PROPERTIES  OF  SINGLE  CRYSTAL  HIGH  PU- 
RITY  SILICON  -  M.N.  Afsar,  Tufts  U,  Dept  of  EE,  Medford,  MA 

F2.8  INVESTIGATION  OF  ELECTRONIC  SUB-BAND  STRUCTURES 
IN  PbTe/Pbi-jSnr  SUPERLATTICES  BY  SUB-MM  MAGNE¬ 
TOABSORPTION  SPECTRA  -  S.  Shimomura,  Y.  Urakawa,  S. 
Takaoka  and  K.  Murase,  Osaka  U,  Toyonaka  560,  Japan 

F2.9  BAND  EDGE  STRUCTURE  OF  Pb1_ISnrTe  DOPED  WITH 
INDIUM  BY  FAR-INFRARED  MAGNETOPLASMA  REFLEC¬ 
TION  METHOD  -  S.  Takaoka,  S.  Shimomura,  H.  Takahasi  and 
K.  Murase,  Osaka  U,  Toyonaka  560,  Japan 


F2.10  LOW  FREQUENCY  IMPURITY  VIBRATION  MODES  IN  II- 
VI  SEMICONDUCTORS  -  W.  Lu,  H.  Ye,  W.  Xu,  S.C.  Shen,  and 
W.  Giriat,  Centra  de  Fisica,  Caracas,  Venezuela 
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SESSION  F3 


SESSION  F4 


Papio  Room,  3r‘i  Floor 

Friday  AM _ December  9,  1988 

LASERS  III 


J.  R.  Izatt,  Presider 


F3.I  NOVEL  ASPECTS  OF  FAR-INFRARED  GAS  LASERS  (Invited 
Keynote)  -  F.  K.  Kneubiihl,  Infrared  Physics  Laboratory,  ETH, 
8093  Zurich,  Switzerland 

F3.2  THEORY  OF  OPTICALLY  PUMPED  FAR  INFRARED  LASERS 
(Invited  Keynote)  -  Y.  Lin,  Zhongshan  University,  Quangzhou, 
P.R.China _ 

F3.3  LINE  ELECTION  IN  OFF-RESONANTLY  PUMPED  SYSTEMS 
(Invited  Keynote)  -  M.A.  Dupertuis,  Swiss  Federal  Institute  of 
Technology,  Lausanne,  Switzerland 

F3.4  THE  INVERSE  SMITH-PURCELL  EFFECT  AT  SUBMILLIME- 
TER  WAVELENGTHS  -  J.  Bae,  K.  Furuya,  H.  Shirai,  T  «:,;„da, 
T.  Nozokido,  and  K.  Mizuno,  Research  Institute  of  Electrical  Com¬ 
munication,  Tohoku  University,  Sendai,  980  Japan 

F3.5  UNTUNED  CAVITY  RESONATOR  FOR  THE  FAR  INFRARED 
-  Hong  Tang  and  J.R.  Izatt,  Dept  of  Physics  and  Astronomy,  U 
of  Alabama,  Tuscaloosa,  AL  35487 

F3.8  COPPER  AND  MOLYBDENUM  MIRRORS  FOR  HIGH  POWER 
TEA  COz  LASER  -  Y.  Tsunawaki*,  K.  Yoshida**,  K.  Ohta***, 
S.  Aramaki***,  H.  Okamoto***,  M.  Yamanaka**  and  S.  Nakai**, 
*Dept  of  Elec  Engr  and  Electronics,  Osaka  Industrial  U,  Naka- 
gaito,  Daito,  Osaka  574,  Japan;  “Institute  of  Laser  Engineering, 
Osaka  U,  Yamada-oka,  Suita,  Osaka  565,  Japan;  ‘“Central  Re¬ 
search  Laboratory,  Nippon  Mining  Company,  Toda,  Saitama  335, 
Japan 

F3.7  DOUBLE-GRATING  10-ATMOSPHERE  COj-TE  LASER  -  W. 
Zhu  and  J.R.  Izatt,  Dept  of  Physics  and  Astronomy,  U  of  Alabama, 
Tuscaloosa,  AL  35487 

F3.8  MICROWAVE  AND  MILLIMETRE-WAVE  SPECTRA  OF 
1JCDjOH  -  K.V.L.N.  Sastry,  I.  Mukhopadhyay,  R.M.  Lees,  J. 
VanderLinde  and  D.  Donovan,  Dept  of  Physics,  U  of  N.B.,  Fred¬ 
ericton,  N.B.  Canada 


Ballroom  (Makai),  7tk  Floor 
Friday  AM  December  9,  1988 


GYROTRON  VI 
M.Q.  Tran,  Presider 


F4.1  SOME  PHYSICS  ISSUES  OF  GYRO-TWT  AND  CARM  AM¬ 
PLIFIERS  -  (Invited  Keynote)  -  K.R.  Chu,  Nat’l  Tsing  Hua  U, 
Hsinchu,  Taiwan,  ROC;  A.T.  Lin,  N.C.  Luhmann,  UCLA,  CA 

F4.2  LARGE  SIGNAL  OPERATION  OF  A  TAPERED  GYRO-TWT 
AMPLIFIER  -  S.Y.  Park*,  R.H.  Kyser**,  CM.  Armstrong  and 
R.K.  Parker,  NRL,  Washington,  DC;  *Omega-P,  New  Haven,  CT; 
“B-K  Systems,  Inc.,  Rockville,  MD 

F4.3  HIGH  CURRENT  DENSITY  CATHODES  FOR  MICROWAVE 
TUBES  -  M.E.  Read  and  A.J.  Dudas,  Physical  Sciences,  Alexan¬ 
dria,  VA;  P.  Oettinger,  Thermo  Electron,  Waltham,  MA 

F4.4  A  NON-ADIABATIC  ELECTRON  GUN  FOR  GYROTRONS  - 

B.  Piosczyk,  Kernforschungszentrum  Karlsruhe,  I  fur  Technische 
Physik,  Postfach  3640,  D-7500  Karlsruhe  1,  Fed  Rep  Germany 

F4.5  FREQUENCY  DOMAIN  ANALYSIS  OF  A  GYROTRON  -  E. 
Jensen  and  K.  Schiinemann,  Technische  U  Hamburg-Harbury,  Post¬ 
fach  90  14  03,  D-2100  Hamburg  90,  West  Germany 

F4.8  EXPERIMENTS  WITH  A  35  GHz  CYCLOTRON  AUTORESO- 
NANCE  MASER  (CARM)  AMPLIFIER-  G.  Dekefi,  A.  DiRienzo, 

C.  Leibovitch  and  B.  Danly,  MIT,  Cambridge,  MA 

F4.7  OPERATION  OF  HARMONIC  GYROTRONS  IN  THE  SUB¬ 
MILLIMETER  REGION  -  S.  Spira,  K.E.  Kreischerand  R.J.Temkin, 
MIT  Plasma  Fusion  Center  NW16,  Cambridge,  MA  02139 

F4.8  PARAMETER  SPACE  SEARCH  FOR  PENIOTRON  MODES  - 
V.  Ayres,  J.Y.  Choe,  K.  Boulais,  and  H.S.  Uhm,  Naval  Surface 
Warfare  Center,  Silver  Spring,  MD;  S.  Ahn  and  A.  Ganguly,  NRL 

F4.9  NON-LINEAR  ANALYSIS  OF  A  GYRO-PENIOTRON  OSC.  - 
P.  Vitello,  Science  Applications  Int’l,  McLean,  VA 

F4.10  PREBUNCHED  HIGH  HARMONIC  GYROTRON  -  C.S.  Kou, 

D. B.  McDermott  and  N.C.  Luhmann,  Jr.,  UCLA,  CA 

F4.ll  LINEAR  ANALYSIS  OF  THE  HIGH-POWER  MAGNETRON  - 
R.  Stark  and  H.  Uhm,  Silver  Spring,  MD 
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SESSION  F5  SESSION  F6 


_ A  hi  Bnnm  zri  Floor _  _ Mahimahi  Room,  Zrd  Floor _ 

Friday  PM  December  9,  1988  Friday  PM _ December  9,  1988 


MMW  DEVICES  II 

(15  minute  papers,  1300  hours) 


M.  Frerking,  Prcsider 

F5.1  DIRECT  PROBING  OF  HIGH-FREQUENCY  GaAs  ICs  BY  PI¬ 
COSECOND  ELECTRO-OPTIC  SAMPLING  -  Invited  Keynote 
-  R.K.  Jain,  Amoco  Tech  Co,  PO  Box  400,  Naperville,  IL  60566 

F5.2  INVERTED  L  DIELECTRIC  GUIDE  FOR  MILLIMETER  WAVE 
FREQUENCIES  -  A.K.  Tiwari  and  R.P.  Singh,  Dept  of  Electron 
Engr,  Maulana  Azad  College  of  Tech,  BHOPAL  -  462  007  (M.P) 
India _ 

F5.3  SYMMETRY  AND  PERIODICITY  FOR  MILLIMETER-WAVE 
DEVICES  -  W.N.  Cain  and  R.W.  Grow,  Microwave  Dev  and  Phys 
Electron,  Dept  of  EE,  U  of  Utah,  Salt  Lake  City,  UT  84112 


MATERIALS  CHARACTERIZATION  XI 

(15  minute  papers,  1300  hours) 


K.  Sakai,  Presider 


F6.1  MILLIMETER  WAVE  CHARACTERIZATION  OF  HIGH  Tc  SU¬ 
PERCONDUCTING  MATERIALS  -  L.  Wade,  I.  Galin,  S.  Gille¬ 
spie,  P.  George,  R.  Haas,  E.  Witteles,  Aerojet  Electro  Systems, 

1100  W.  Hollyvale  St,  P.O,  Box  296,  Azusa,  CA  91702 

F6.2  MICROWAVE  LOSSES  IN  HIGII-TC  SUPERCONDUCTING  MI¬ 
CROSTRIP  RING  RESONATORS  -  J.  Takemoto,  F.  Oshita,  H. 
Fetterman,  Dept  Elec  Engr,  U  of  California,  Los  Angeles,  CA 
90024;  P.  Kobrin,  E.  Sovero,  Rockwell  Inti  Science  Ctr,  1049 
Camino  dos  Rios,  Thousand  Oaks,  CA  91360 

F6.3  MICROWAVE  PHASE  CONJUGATION  IN  ARTIFICIAL  KERR 
MEDIA  -  R.  Shih,  H.R.  Fetterman,  B.  Bobbs,  Dept  Elec  Engr, 

U  of  California,  Los  Angeles,  CA  90024;  WAV.  Ho,  R.  McGraw, 

D.  Rogovin,  Rockwell  Inti  Science  Ctr,  1049  Camino  dos  Rios, 
Thousand  Oaks,  CA  91360 

F6.4  DIELECTRIC  PROPERTIES  OF  COMPOSITE  STRIPLINE/RADOME 
MATERIALS  -  R.L.  Moore  and  A.  MacDonald,  GTRI,  GA  I  of 
Tech,  Atlanta,  GA  30332 _ 

F6.5  TEMPERATURE  INDEPENDENT  PERMITTIVITIES  IN  COM¬ 
POSITES  OF  TWO  OR  MORE  DIELECTRICS  -  R.L.  Moore 
and  J.  Estrada,  GTRI,  GA  I  of  Tech,  Atlanta,  GA  30332 

F6.0  THEORY  ANDi  RACTICEIN  OPEN  RESONATOR  MEASURE¬ 
MENTS  OF  MULTI-LAYER  SAMPLES  -  T.  Wells,  GTRI,  GA 
I  of  Tech,  Atlanta,  GA  30332 

F0.7  MAGNETOPOLARON  EFFECTS  IN  CdTe  -  J.  Oberli,  M.  Goiran, 

M.  Bouchelagem,  J.  Leotin,  Lab  de  Physique  des  Solides,  associe 
au  CNRS  INSA,  Ave  de  Rangueil,  31077  Toulouse- Cedex,  France; 

R.  Triboulet,  Meudon,  France 

F6.8  QUANTUM  LIMIT  ELECTRON-PHONON  SCATTERING  STUD¬ 
IES  IN  SEMICONDUCTORS  BY  FAR-INFRARED  CYCLOTRON 
RESONANCE  -  H.  Kobori,  T.  Ohyama  and  E.  Otsuka,  College 
of  General  Education,  Osaka  Univ,  Toyonaka,  Osaka  560  Japan 

F6.9  FAR-INFRARED  CYCLOTRON  RESONANCE  STUDIES  OF 
IMPURITY  SCATTERING  IN  Ge,  GaAs  AND  InSb  -  H.  Kobori, 

T.  Ohyama  and  E.  Otsuka,  College  of  General  Education,  Osaka 
Univ,  Toyonaka,  Osaka  560,  Japan 

F0.10  BROADBAND  DIELECTRIC  MEASUREMENTS  WITH  PICOSEC¬ 
OND  TRANSIENT  RADIATION  -  G.  Arjavalingam,  Y.  Pastol, 

J.-M.  Halbout  and  G.V.  Kopcsay,  IBM,  P.O.  Box  218,  Yorktown, 
Heights,  NY  10598 


F6.11  WAVEFRONT  DIVIDING  INTERFEROMETERS  FOR  INFRA¬ 
RED  SYNCHROTRON  RADIATION  -  K.D.  Moeller*,  D.P.  Sid- 
dons,  C.J.  Hirschmugl,  P.  Petrone*,  and  G.P.  Williams,  Natl  Syn¬ 
chrotron  Light  Source,  Brookhave  Natl  Lab,  Upton,  NY  11973; 
‘Physics  Dept,  Fairleigh  Dickinson  U,  Teaneck,  NJ  07666 


SESSION  F7  SESSION  F8 


Papio  Room.  Sri  Floor 


Friday  PM  December  9,  1988 


ATMOSPHERIC  PROPAGATION 
(1300  hours:  15  minute  papers) 


K.  J.  Button.  Presider 


F7.1  MILLIMETRE-WAVELENGTH  PULSE  PROPAGATION  THROUGH 
THE  EARTH’S  ATMOSPHERE  -  C.J.  Gibbins,  Rutherford  Ap¬ 
pleton  Lab,  Chilton,  Didcot,  Oxfordshire,  OXlI  OQX,  UK 

F7.2  STATISTICS  OF  PROPAGATION  AT  MILLIMETRE,  INFRARED 
AND  OPTICAL  WAVELENGTHS  -  C.J.  Gibbins,  Rutherford 
Appleton  Lab,  Chilton,  Didcot,  Oxfordshire,  0X11  OQX,  UK 


SUBMILLIMETER  WAVES 


(IS  minute  papers;  H15  hours) 


F7.3  FAR-INFRARED  DETECTOR  USING  BaPb07Bi03Oj  THIN 
FILM  JOSEPHSON  ELEMENT  -  A.  Sawada,  K.  Sato,  Y.  Enomoto* 
and  T.  Murakami*,  Synthetic  Crystal  Res  Lab,  Faculty  of  Engr, 
Nagoya  Univ,  Nagoya  464-01  Japan;  *NTT  Electrical  Commctn 
Lab,  Tokai,  Ibaraki-ken  319-11  Japan 

F7.4  GaAs  SCHOTTKY  BARRIER  MIXER  DIODES  FOR  THE  FRE- 
QUENCY  RANGE  FROM  1  - 10  THz  -  T.W.  Crowe,  Dept  of  Elec 
Engr,  Thornton  Hall,  Univ  of  Virginia,  Charlottesville,  VA  22901 

F7.5  MICROWAVE  ATTENUATION  TECHNIQUES  APPLICABLE 
TO  INFRARED  WINDOWS  FOR  USE  ON  ELECTRO-OPTICAL 
SENSORS  -  W.  Hasan,  The  Perkin-EImer  Corp,  761  Main  Ave, 
Norwalk,  CT  06859 

F7.0  FABRICATION  AND  ANALYSIS  OF  GaAs  SCHOTTKY  BAR- 
RIER  DIODES  FABRICATED  ON  THIN  MEMBRANES  FOR 
TERAHERTZ  APPLICATIONS  -  L.K.  Seidel  and  T.W.  Crowe, 
Dept  of  Elec  Engr,  Thornton  Hall,  Univ  of  Virginia,  Charlottesville, 
VA  22901 _ 

F7.7  WAVEFRONT  DIVIDING  INTERFEROMETERS  FOR  INFRA¬ 
RED  SYNCHROTRON  RADIATION  -  K.D.  Moeller  D.P.  Sid- 
dons*,  C.J.  Hirschmugl*,  P.  Petrone  and  G.P.  Williams*,  Na¬ 
tional  Synchrotron  Light  Source,  Brookhaven  Natl  Lab,  Upton, 
NY  11973;  ‘Physics  Dept,  Fairlcigh  Dickinson  Univ,  Teaneck,  NJ 
07666  _ _ 

F7.8  COHERENT  MECHANICAL  FIR  DOPPLER  SHIFTING  FOR 
HETERODYNE  APPLICATIONS  -  U.H.W.  Lammers,  R.A.  Marr, 
J.B.  Morris,  Rome  Air  Development  Center,  Hanscom  AFB,  MA 

F7.9  DPR  IN  DyAl  GARNET  AT  MM  AND  SUBMM  WAVELENGTHS 
-  P.  Janssen,  Lab  Temperaturen  en  Hoge-Veldenfysica,  Leuven, 
Belgium;  W.P.  Wolf,  Yale  Univ,  Becton  Ctr,  New  Haven,  CT 
06520 _ _ 


Ballroom  (Makai),  7**  Floor 


Friday  PM  December  9,  1988 


GYROTRON  AND  FREE  ELECTRON  LASERS 


(15  minutes,  1300  hours) 


K.R.  Chu,  Presider 


F8.1  CIRCULAR  ELECTRIC  HYBRID  CAVITY  FOR  THE  HAR¬ 
MONIC  AUTO-RESONANT  PENIOTRON  (HARP)  -  J.M.  Baird, 
R.C.  Freudenberger,  R.W.  Grow,  and  L.R.  Barnett,  Dept  Elec 
Engr,  Univ  of  Utah,  Salt  Lake  City,  UT 

F8.2  SELF-CONSISTENT  TRANSMISSION  LINE  ANALYSIS  OF  THE 
GYROTRON  TRAVELING-WAVE  AMPLIFIER  -  J.E.  Arring¬ 
ton,  R.W.  Grow,  J.M.  Baird,  and  L.R.  Barnett,  Dept  Elec  Engr, 
Univ  of  Utah,  Salt  Lake  City,  UT 

F8.3  SIMULATION  OF  THE  ELECTROSTATIC  CYCLOTRON  IN¬ 
STABILITY  ON  AN  ANNULAR  ELECTRON  BEAM  -  F.S.  Kuo, 
Dept  of  Physics,  Natl  Central  U,  Chung-Li,  Taiwan,  R.O.China; 

K. R.  Chu,  Dept  Physics,  Natl  Tsing  Hua  U,  Hsinchu,  Taiwan 
30043,  R.O.China 

F8.4  THE  SURFACE-MATCHING  METHOD  FOR  SOLVING  PERI- 
ODIC  AND  HELICALLY-PERIODIC  SLOW  WAVE  STRUC¬ 
TURES  FOR  TRAVELING-WAVE  SIMULATION  -  K.J.  Bunch 
and  R.W.  Grow,  Dept  Elec  Engr,  Univ  Utah,  Salt  Lake  City,  UT 
84112 _ 

F8.5  RADIATION  PATTERNS  WITH  SUPPRESSED  SIDELOBES 
FOR  QUASI-OPTICAL  MODE  CONVERTERS  -  M.  Thumm, 

L.  Rebuff!*,  H.J.  Barkley,  A.  Jacobs,  G.A.  Muller,  Inst  fr  Plas- 

maforschung,  Univ  Stuttgart,  Pfaffenwaidring  31 ,  D-7000  Stuttgart 
80,  FRG _ 

F8.8  IN-WAVEGUIDE  TE01-TO-WHISPERING  GALLERY  MODE 
CONVERSION  USING  PERIODIC  WALL  PERTURBATIONS 
-  M.  Thumm  and  A.  Jacobs,  Univ  Stuttgart,  FRG 

F8.7  THE  DIRECT  CONVERSION  TO  A  GAUSSIAN  BEAM  FROM 
TE03  GYROTRON  MODES  -  H.J.  Barkley,  Univ  Stuttgart,  FRG 

F8.8  SERPENTINE  WAVEGUIDE  TRAVELING  WAVE  TUBE  (TWT) 
WITH  FULL  GIAN  AND  BROAD  BANDWIDTH  AT  MILLIME¬ 
TER  WAVE  FREQUENCIES  -  G.  Dohler,  D.  Gallagher,  R.  Moats, 
Northrop  Defense  Syst  Div,  600  University  Dr,  Arlington  Heights, 

IL  60004 _ 

F8.9  SPACE  CHARGE  EFFECTS  IN  THE  BALLISTIC  MODEL  OF 
FREE  ELECTRON  LASER  INTERACTIONS  -  G.  Dohler,  Northrop, 

IL. _ 

F8.10  WINDOW  MATERIALS  FOR  280  GHz  CONTINUOUS  WAVE 
GYROTRON  -  M.N.  Afsar,  Dept  Elec  Engr,  Tufts  Univ,  Halligan 
Hall,  Medford,  MA  and  MIT/PFC _ 

F8.ll  SMALL-SIGNAL  ANALYSIS  OF  A  FREE  ELECTRON  CYCLOTRON 
RESONANCE  LASER  -  C.  Wang,  Res  Lab  of  Microwave  Elec¬ 
tron,  Chengdu  I  of  Radio  Engr,  PRChina 

DESIGN  AND  OPERATION  OF  RIBBON  BEAMS  FOR  GY- 
ROTRONS  -  A.M.  Ferendeci,  ECE  Dept,  Univ  Cincinnati,  Cincin¬ 
nati,  Ohio  45221 
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ABSTRACT 

Loading  a  two-dimensional  grid  with  active  devices  offers  a 
means  of  combining  the  power  of  solid-state  oscillators  in  the 
microwave  and  millimeter-wave  range.  The  grid  structure 
allows  a  large  number  of  negative  resistance  devices  to  be 
combined.  In  this  approach,  the  combining  is  done  in  free 
space,  and  the  active  devices  do  not  require  an  external  lock¬ 
ing  signal.  The  loaded  grid  is  a  planar  structure  amenable 
to  monolithic  integration.  Measurements  on  a  25-MESFET 
grid  at  9.7  GHz  show  power-combining  and  frequency-locking 
without  an  external  locking  signal,  with  an  ERP  of  37  W. 
Experimental  far-field  patterns  agree  with  theoretical  results 
obtained  using  reciprocity. 

INTRODUCTION 

Solid-state  oscillators  in  the  millimeter-wave  range  have  lim¬ 
ited  RF  powers.  Kesan  el  al.  [1]  predict  the  output  power 
of  quantum-well  oscillators  to  be  about  10  jiW  at  400  GHz. 
Since  radar  and  imaging  array  applications  require  higher 
power  levels,  coherent  power  combining  of  a  large  number  of 
solid-state  devices  becomes  attractive.  Wandinger  and  Nal- 
bandian  [2]  proposed  and  demonstrated  power-combining  us¬ 
ing  a  quasi-optical  resonator  with  Gunn-diodes  at  00  GHz. 
Mink  [3]  gave  a  theoretical  analysis,  and  Stephan  [4]  and 
Mizuno  et  al  [5]  demonstrated  power-combining  and  injection¬ 
locking  in  a  quasi-optical  resonator  of  two  and  three  devices. 
Here  we  demonstrate  a  grid  loaded  with  GaAs  microwave 
transistors  which  allows  the  power  of  a  large  number  of  de¬ 
vices  to  be  combined.  The  approach  is  similar  in  spirit  to  the 
diode  grid  phase  shifters,  multipliers,  and  oscillators  investi¬ 
gated  by  Lam  et  al.  [6],  Jou  et  al.  [7],  and  nopovic  et  al.  (8] 
Lam  and  Jou  fabricated  grids  with  1600  Schottky  diodes,  and 
showed  that  the  grids  can  be  accurately  modeled  as  a  com¬ 
ponent  in  a  simple  transmission-line  equivalent  circuit. 

GRID  OSCILLATOR 

The  oscillator  configuration  is  shown  in  Fig.  1.  This  configu¬ 
ration  is  analogous  to  a  maser,  where  the  loaded  grid,  which  is 
the  active  medium,  is  placed  inside  a  Fabry-Perot  resonator. 
The  idea  is  that  the  active  devices  couple  through  the  mode 
of  the  cavity,  and  self-lock.  One  resonator  plate  is  a  metal 
mirror,  and  the  other  is  a  partially  transparent  reflector  (with 
a  transmittance  of  37%  in  our  case). 

Figure  2  shows  a  X-band  model  of  a  five-by-five  active  grid. 
Simple  scaling  applies  for  higher  frequencies.  The  grid  is 
fabricated  on  a  microstrip  substrate  (Rogers  Corporation, 
Duroid,  er  =  10.5,  thickness  2.35  mm).  The  vertical  lines 
connected  to  the  transistor  drain  and  gate  terminals  support 
the  flow  of  RF  currents,  and  the  radiated  electric  field  vec- 


Fig.  1  Resonator  configuration. 

tor  is  parallel  to  them.  The  horizontal  lines  are  used  for  DC 
bias.  The  transistors  are  Fujitsu  FSC-11  MESFET’s,  and 
they  typically  produce  20  mW  in  single-transistor  microstrip 
oscillator  circuits.  When  biased  at  a  voltage  of  4  V,  the  tran¬ 
sistors  oscillate  at  a  frequency  of  9.7  GHz.  The  spacing  be¬ 
tween  substrate  and  reflector  for  which  the  devices  lock  varies 
from  5  to  7  mm,  which  is  about  0.2Ao  at  the  oscillating  fre¬ 
quency.  Varying  this  spacing  shifts  the  frequency  over  a  1% 
range,  and  produces  large  changes  in  the  power.  The  largest 


Fig.  2.  Photograph  of  the  25-transistor  oscillator  grid  at  9.7  GHz. 
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effective  radiated  power  relative  to  an  isotropic  source  (ERP) 
that  we  measured  was  37  watts  at  a  spacing  of  4.8  mm.  Fig.  3 
shows  the  measured  far-field  pattern  where  the  peak  ERP  was 
20.7  watts.  From  the  measured  pattern,  we  can  deduce  the 
total  radiated  power,  which  is  464  mW.  This  is  roughly  25 
times  the  power  that  we  typically  get  from  a  single  transis¬ 
tor  oscillator.  The  DC  to  RF  conversion  efficiency  is  14.5%. 
The  cross-polarized  signal  is  20  dB  down  from  the  peak.  We 
noticed  that  the  beam  position  can  be  shifted  15°  by  tilting 
the  reflector. 

Figure  4  shows  the  comparison  with  theory  for  our  best  E 
and  H  plane  patterns.  The  theoretical  pattern  is  that  of 
an  array  of  25  infinitesimal  current  elements  on  an  infinite 
dielectric  sheet.  It  can  be  found  by  reciprocity  [9].  To  get 
the  pattern  for  the  entire  array,  we  multiply  the  individual 
element  pattern  by  the  array  factor.  The  theoretical  and 
experimental  patterns  agree  well.  The  substrate  and  reflector 
were  not  parallel,  which  resulted  in  a  shift  of  7°  in  the  E- 
plane. 
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ABSTRACT 


In  this  paper  a  feedback  model  of  second  harmonic 
oscillators  is  developed.  By  using  describing  func¬ 
tions  of  nonlinearity  of  active  devices,  the 
performances  of  second  harmonic  oscillators  are 
studied.  Frequency  dependence  of  I-V  characteristics 
of  active  element  are  taken  into  account.  The  ratio 
of  maximum  output  power  of  second  harmonic  to 
fundamental  is  given.  The  maximum  harmonic  locking 
bandwidth  of  injected  harmonic  oscillator  is 
derived.  The  theoretical  prediction  is  compared  with 
experimental  results. 


INTRODUCTION 


Millimetre  wave  harmonic  oscillators  have  been 
studied  and  applied  extensively  in  recent  years. 
However,  the  theoretical  study  of  Gunn  diode 
harmonic  oscillators  is  not  sophisticated  enougth  to 
meet  the  needs  of  its  design  and  testing.  In  the 
theoretical  circuit  models  established  by  K.  Solbach 
[1]  and  R.KnSchel  [2],  frequency  dependence  of  I-V 
characteristic  of  active  element  was  not  taken  into 
account.  In  this  paper,  a  feedback  model  of  second 
harmonic  oscillator  is  developed.  Using  describing 
function  method,  which  was  successfully  used  to 
analyse  microwave  oscillators  and  amplifiers  [3], 
and  taking  frequency  dependence  of  I-V  characte¬ 
ristic  of  active  element  into  account  ,  the 
expressions  of  fundamental  and  harmonic  voltages  are 
obtained.  Maximum  power  conditions  and  power  ratio 
are  given.  Harmonic  synchronization  bandwidth  of 
injected  second  harmonic  oscillator  are  obtained. 

FEEDBACK  MODEL  OF  HARMONIC  OSCILLATOR 


A  feedback  model  for  both  fundametal  and  second 
harmonic  of  harmonic  oscillator  is  established, 
which  is  partly  based  on  the  circuit  model  in  [1]. 
Fig.l  shows  an  equivalent  circuit  model  of  a 
harmonic  oscillator,  in  which  Gp  Lp  and  G^,  L^, 

Cj  denote  circuit  parameters  of  fundamental  and 
second  harmonic  frequency,  respectively.  N  is  a 
frequency-nultiplexing  network.  and  1  ^  are 

injecting  signal  sources,  in  case  of  free-running 
state,  I  pi  2=0*  lhe  voltage  across  the  active 
element  eiise  assumed  to  contain  only  fundamental 
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treated  as  a  coupling  circuit  between  load  conduc¬ 
tance  and  active  element,  and  it  is  described  by 
voltage-current  transmission  matrix  T.When  injecting 

current  exists,  G.V.=I  .-I.,  where  i=l  and  i=2 
i  l  ei  i’ 


corresponds  to  fundamental  and  second  harmonic  mode, 
respectively.  The  following  relation  can  be  derived 
[3] 

1 


GiTn(jWi)+T2i(jw° 


flei-[GiT12(jU,i)+T22(jU,i)]Idi] 

(1) 


A  general  feedback  model  of  harmonic  oscillator 
can  now  be  established  based  on  (1)  and  Fig.l,  as 


Fig. 2  Feedback  model  of  second  harmonic  oscillator 
DESCRIBING  FUNCTIONS  OF  NONLINEARITY 


Suppose  the  I-V  characteristic  of  active  device 
is  described  by 

2  3 

*-d=clvd+c2vd+c3vd  (2) 

Because  the  active  element  does  not  possess  a  nega¬ 
tive  conductance  when  it  operates  at  harmonic  fre¬ 
quency,  it  means  that  the  I-V  characteristic  of  an 
active  element  does  dependent  on  frequency.  There¬ 
fore,  it  is  more  reasonable  to  express  the  coeffi¬ 
cients  Cj  as  Cj=a^  for  fundamental  frequency  and 

Cj=bj  for  harmonic  frequency,  where  j=l,2,3. 

The  voltage  across  the  active  element  is 
v^v^+v^V^coswt  +V^2c°s(2WC+^)  ,  where  Vdl  and 

V^2  arc  the  amplitude  of  fundamental  voltage  and 
second  harmonic  voltage.  Substituting  into 
(2),  fundamental  current  i^  and  second  harmonic 

current  ip  can  be  derived.  According  to  definition, 
the  describing  functions  for  fundamental  frequency  uit 
and  harmonic  frequency  ttfjcan  be  obtained  as  follows 

Nl=IdI/Vdr  al+  b/dl*  2a3b^2+(a2b2^Vd2ej  (3) 


Fig.l  Equivalent  circuit  of  harmonic  oscillator 

and  second  harmonic  components,  i.e.,  vcj=vdi+vc]2 
Let  the  resonant  elements  Lp  or  1^,  C2  be 


V  (41 

If  the  nonlinear  operator  together  with  the 
frequency-multiplexing  network  is  replaced  by 
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describing  function  N.  and  N2  ,  the  feedback  model 
shown  in  Fig.2  can  be1  separated  into  two, one 
corresponding  to  fundamental  circuit  and  the  other  to 
harmonic  circuit. 


diode  oscillator  has  P2/Pj^8.37  dB.  The  value  of 
P2/p^  of  most  Gunn  oscillator  range  from  -7  dB  to 
-10  d3. 


OUTPUT  POWER  OF  HARMONIC  OSCILLATOR 


HARMONIC  SYNCHRONIZATION 


If  the  harmonic  circuit  is  omitted,  the  circuit 
equation  for  a  free-running  fundamental  oscillator 
(  I  .=0  )  is  easily  obtained  from  the  separated  feed¬ 
back  model  of  fundamental  circuit 


(  G1T12(jw.)+T22(j^) 
1  GjT^t  j«.)+T21(  jw,) 


1  =  0 


(5) 


The  transmission  parameters  of  the  parallel  coupling 
circuit  are  T^l,  T12=0,  T^j^C^-l/ttl^l^)  and 


T22=l.  Substituting  (3)  into  (5),  the  fundamental 
voltage  V,.  is  obtained  in  terms  of  V,„  and  device 
parameters1  a.  and  b..  “ 


If  the  conductance  of  a  Gunn  diode  at  second 
harmonic  frequency  is  considered  to  be  linear  and 
positive,  we  assune  b2=b,=0,  but  b.>0.  The  expre¬ 
ssion  of  Vdl  is  reduced  ''to  L 


&  ■  «-«i-al,/3a3 


(6) 


which  is  in  agreement  with  that  in  [l]. 

The  circuit  equation  of  free-running  harmonic 
oscillator  is  obtained  from  the  separated  feedback 
model  of  harmonic  circuit.  It  has  the  same  form  as 
that  of  fundamental  circuit  except  N.,  G.  and  cOt 
being  replaced  by  N„,  G~  and  wju.  Iticanibe  solved 
to  obtain 


Vd2=  a2v21/2(-b1-G2) 


(7) 


Hie  condition  of  maximum  output  power  can  then 
be  found  as  G.=-a./2,  G2=b. .  The  power  ratio  of 
harmonic  to  fundamental  is 


P2/P1=  a^/f-Aa^) 


(8) 


It  is  obvious  from  (7)  that,  the  harmonic  output 
power  depends  closely  on  nonsymretrical  coefficient 
a2  ,  and  it  is  inversely  proportional  to  positive 
conductance  b^  at  harmonic  frequency. 

As  for  Gunn  diodes,  according  to  reference  [4], 
the  real  part  of  fundamental  source  impedance  is 
R^=(10~50)Rq,  where  Rq  is  low  field  resistance  of 

diode  .  The  Gunn  diodes  used  in  harmonic  oscillators 
at  W-band  in  our  experiment  have  0.5  ohm.  A  rigo¬ 
rous  field  analysis  [5]  shows  diat;  at  harmonic 
frequency  the  real  part  of  impedaneeof  a  Gunn  diode 
mounted  in  a  specific  cavity  is  approximately  ( 1— '5 ) 
ohm.  Combining  with  the  condition  of  maximum  power, 
we  have  b^  =  (l~5)|a1|. 

If  the  coefficients  are  cliosen  to  be  the 

typical  value  presented  in  (1],  then  P2/P^=(— "4.26 — 

—11.25)  dB.  It  shows  that  more  than  -11  dB  power 
ratio  is  possible.  But  in  [1]  P2/P^  is  not  high  than 

-11  dB.  It  is  due  to  neglecting  the  frequency 
dependence  of  I-V  characteristic.  In  fact,  the 
experiments  done  in  our  research  institute  show  that 
a  Gunn  diode  in  a  radial  line-to-  waveguide  cavity 
having  maximum  output  power  110  rriW  at  45  GHz  , 
delivers  12.5  rcW  power  at  90  GHz.  Another  Gunn 


When  a  harmonic  oscillator  operates  in  harmonic 
injection  locked  state,  V,2  and  I  2  have  tire  same 
frequency.  The  circuit  equation  describing  the  locked 
state  is  obtained  from  feedback  model  of  harmonic 
circuit 


G2T12(jw)+T22(juO 

m  _£Jf - — - t-l= 

ZG2Tn(j**>)+T21(j«>) 


|Ie21  j* 
- eJ  - 


|Vd2>  G2TU(jtf)+T21(j"') 


(9) 


where  0  is  the  phase  difference  between  Ig2  and  V^- 

Let  i>  =  <*J/«J,=l+4>>  ,  where  u>  is  injecting  frequency 
and  At>«  1.  The  maximum  locking  bandwidth  is  derived 
from  (9) 


^rax=  2 


‘Vd2« 


(10) 


where  is  external  quality  factor  of  harmonic 
circuit,  P2  is  harmonic  power,  1L  is  injected  power. 

Due  to  tire  high  value  of  ,  the  maxinun  lock¬ 
ing  bandwidth  of  a  harmonic  oscillator  is  much  smaller 
than  that  of  fundamental  ones.  Experimental  result 
obtained  at  W-band  is  about  30  GHz  [6].  Therefore, 
harmonic  power  combining,  harmonic  injection  fre¬ 
quency  stablization  are  much  more  difficult.  In  such 
cases,  fundamental  injection  locking  in  harmonic 
oscillators  is  preferable. 

CONCLUSION 


A  general  theoretical  feedback  circuit  model  is 
established  for  the  first  time.  Voltage  and  current 
of  fundamental  mode  and  that  of  second  harmonic  mode 
are  related  by  describing  functions  N.  and  N2  .  Fre¬ 
quency  dependence  of  active  element  is  taken  into 
account.  The  condition  for  maximum  power  delivered 
to  load  lias  been  investigated.  High  ratio  of  second 
liarmonic  power  to  fundamental  power  is  theoretically 
predicted  and  has  been  proved  by  experiments .  For 
second  harmonic  oscillators,  if  injection  locking  is 
needed,  it  is  preferable  to  inject  signal  of  funda¬ 
mental  frequency  instead  of  harmonic  frequency. 
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Introduction: 

The  quantum  welt  injection  transit  time  (QWITT)  diode  is  a  transit  time 
device  that  couples  a  heterojunction  barrier  structure  as  an  injector  with  a 
depleted  epitaxial  drift  region,  as  shown  in  Figure  1.  The  device,  which  was 
originally  proposed  by  Kesan  et  al.  [I],  is  a  promising  solid  state  source  with 
potential  for  operation  at  the  higher  millimeter  wave  frequencies.  Both  large  and 
small  signal  analyses  of  the  device  have  shown  that  the  specific  negative 
resistance  due  to  transit  time  effects  from  the  drift  region  are  on  the  order  of,  or 
are  significantly  greater  than,  the  intrinsic  negative  diffetential  negative 
resistance  of  the  quantum  well  double  barrier  diode.  This  paper  presents  results 
of  a  large  signal  simulation  which  uses  a  full  set  of  semiconductor  time 
dependent  transport  equations,  and  solves  self-consistently  for  the  electric  field  as 
well  as  for  the  electron  and  hole  populations  throughout  the  device. 

Kesan  et  al.  [2, 3]  provided  the  first  small  and  large  signal  analyses  of 
the  QWITT  structure.  The  analysis  assumed  that  the  carriers  traverse  the  drift 
region  at  their  saturation  velocity  with  no  diffusion.  The  quantum  well  injector 
was  characterized  by  specifying  its  current  density  versus  electric  field 
relationship.  For  the  small  signal  analysis  only  the  slope  of  the  J-E  curve  was 
used,  while  the  large  signal  result  assumed  a  more  realistic  J-E  curve  for  the 
quantum  well.  Song  and  Pan  [4]  have  also  presented  large  signal  analysis  which 
includes  diffusion  and  transient  velocity  effects.  The  transient  velocity  effect  was 
attributed  to  a  highly  non-equilibrium  carrier  population  being  ejected  from  the 
quantum  well  into  the  drift  region.  More  recently.  Brown  et  al.  [5]  presented  an 
optimized  QWITT  structure  based  on  many  considerations  including  transit  time 
effects,  and  differentit 1  quantum  well,  spreading,  and  contact  resistances.  Since 
each  of  the  semi-analytical  analyses  used  above  incorporate  many  simplifying 
assumptions,  their  usefulness  is  limited  in  actual  device  design  and  optimization. 
This  is  because  device  optimization  requires  proper  design  of  the  drift  region 
electric  field  profile,  as  controlled  by  the  doping  profile  in  the  drift  region.  They 
also  cannot  account  for  epitaxial  losses,  carrier  generation,  and  other  transport 
issues  that  could  have  an  impact  on  the  device  operation. 

Analysis: 

To  circumvent  the  above  limitations,  it  is  necessary  to  solve  the  full 
set  of  semiconductor  transport  equations',  i.e.,  solve  Poisson's  equation  self 
consistently  with  some  form  of  the  Boltzmann  equation.  However,  near  the 
hcterostniclure  region,  quantum  mechanical  reflections  and  transmission  begin  to 
dominate  carrier  transport  processes.  This  invalidates  use  of  the  semi-classical 
Boltzmann  formalism.  Past  analyses  of  this  region  have  relied  on  simple 
Schrddinger  type  models  [6]  or  solutions  to  the  quantum  Liouville  equation 
through  the  use  of  Wigncr  functions  [7],  Even  if  these  techniques  accurately 
describe  the  quantum  region,  they  completely  ignore  real  transport  issues  (such 
as  phonon  scattering,  impurity  scattering,  generation,  recombination,  etc.)  for 
the  vast  majority  of  the  device  where  the  "classical"  transport  equations  remain 
valid.  For  devices  such  as  the  QWITT,  these  outside  regions  may  significantly 
determine  overall  operational  characteristics.  Thus,  for  this  study  we  will  apply 
the  drift/diffusion  formalism  to  the  entire  structure  so  that  the  drift  region  can  be 
properly  quantified. 

The  electron  and  hole  drift/diffusion/continuity  equations  as  well  as 
Poisson’s  equations  were  discretized  using  the  standard  Scharfcttcr  and  Gummel 
methods  [8],  The  quantum  heterostructurc  region  was  replaced  with  a  "black 
box"  whose  transport  parameters  are  chosen  to  provide  an  accurate  description  of 
the  measured  dc  device  behavior  and  are  consistent  with  the  drift/diffusion 
formalism.  From  Frensley’s  [7]  work,  it  is  obvious  that  the  current  through  the 
quantum  region  is  a  function  of  the  quantum  distribution  functions  and  the 
applied  potential  across  the  quantum  well.  However,  the  distribution  functions 
are  also  a  function  of  the  applied  potential.  Thus  to  first  order,  it  is  natural  to 
assume  that  the  particle  current  Jn  and  Jp  through  the  quantum  region  are  given 
by  the  relationships: 


in  our  laboratory.  The  quantum  hole  conductance  is  set  to  some  finite  small 
value  and  was  included  for  future  studies.  The  structure  used  in  this  simulation 
is  shown  in  Figure  2.  The  dc  IV  curve  was  corrected  for  a  specific  contact 
resistance  of  10'®  ohms-cm®  which  was  determined  from  independent 
experimental  investigation.  The  equivalent  quantum  well  electric  field  can  then 
be  related  to  the  the  terminal  voltage  using  the  relationship  IS]: 
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where  Ew  is  the  effective  electric  field  in  the  quantum  well  and  is  assumed 
spatially  constant  within  the  well.  The  quantum  region  electron  conductance, 
an,  is  experimentally  determined  from  a  dc  J-V  curve  for  a  quantum  well  grown 


where  xw  is  the  quantum  well  width,  ts  is  the  permittivity,  q  is  the  electron 
charge,  and  is  the  magnitude  of  the  saturation  velocity  of  the  carriers.  This 
expression  is  different  from  that  found  in  [5]  since  we  adjusted  for  free  carriers  in 
the  drift  region.  Once  the  quantum  well  conductances  were  determined,  a  dc  JV 
trace  was  computed.  Agreement  between  the  simulated  and  measured  JV  trace 
was  excellent.  Shown  in  Figure  3  is  the  measured  J-V  trace  corrected  for  contact 
resistance  with  the  deconvolved  J-Ew  data. 

The  widths  of  a  drift  region  doped  n-type  to  10*7  cm'®  were  then  varied 
from  0A  to  2000A  and  temporal  calculations  where  performed  at  100  GHz  to 
determine  the  specific  negative  resistance.  The  bias  point  of  each  simulation 
was  maintained  approximately  at  the  same  J-Ew  point  for  the  quantum  well. 
This  point  was  approximately  in  the  middle  of  the  differential  negative  resistance 
region.  The  terminal  ac  voltage  amplitude  was  adjusted  so  that  the  quantum  well 
electric  field  stayed  in  the  differential  negative  resistance  portion  of  the  J-Ew 
curve.  This  was  done  to  allow  direct  comparisons  with  small  signal  analysis. 
The  corresponding  ac  modulation  was  approximately  15%  of  the  dc  terminal 
voltage. 

Shown  in  Figure  4  is  a  plot  of  specific  negative  resistances  versus  drift 
region  length.  The  length  was  determined  from  the  addition  of  the  buffer  region, 
the  10*7  cm'®  drift  region,  and  from  any  depleted  10*®  cm'®  contact  region  that 
would  provide  an  electric  field  sufficiently  high  to  ensure  the  saturation  velocity 
of  carriers.  Also  shown  in  Figure  4  are  the  results  from  the  small  signal 
analysis.  As  can  be  seen,  the  fully  self-consistent  numeric  simulation  compares 
very  favorably  with  the  small  signal  analysis.  This  is  an  encouraging  result 
since  the  numeric  simulation  incorporates  most  of  the  physical  transport 
processes  of  the  drift  region.  Thus,  the  assumptions  made  for  the  small  signal 
analysis  are  valid.  More  importantly,  it  must  also  be  noted  from  this  figure  that 
the  transit  lime  effects  of  the  drift  region  provide  a  considerably  higher  specific 
negative  resistance  than  that  of  a  bare  quantum  well.  This  confirms  the  results 
of  earlier  analysis  [2], 

The  simulated  field  profiles  for  10*7  cm'®  drift  region  lengths  of  0A, 
and  30OA,  are  shown  in  Figure  5.  This  figure  also  shows  a  field  profile  of  a 
structure  where  the  lightly  doped  !0,/*  cm'®  buffer  region  and  10*7  cm-3  drift 
region  is  replaced  with  10*®  cm"®  doped  material.  We  note  with  interest  that 
even  for  the  structure  with  10*®  cm"®  doped  material  aij-'-ont  to  the  quantum 
well,  a  portion  (— I0OA)  of  the  material  is  depleted.  This  100A  is  sufficiently 
long  that  the  transit  time  negative  resistance  is  comparable  to  the  intrinsic 
quantum  well  negative  resistances. 

Conclusions: 

In  conclusion,  we  have  developed  a  fully  self-consistent  semiconductor 
numerical  simulation  tool  capable  of  analyzing  the  impact  of  classical  transport 
regions  on  q'lantum  well  oscillator  performance.  We  have  applied  this  tool  to 
understanding  QWITT  behavior  and  have  found  excellent  agreement  with 
previous  small  signal  analysis.  Finally,  from  the  results  presented,  it  is 
doubtful  that  recently  reported  oscillator  results  for  hctcrosuucture  devices  can  be 
attributed  solely  to  the  intrinsic  negative  resistance  of  the  quantum  well.  In  fact, 
most  quantum  well  oscillator  structures  reported  in  the  literature  probably 
exhibit  significant  transit  lime  effects,  and  their  performance  is  most  likely  due 
to  QWITT  like  operation. 

This  work  was  supported  by  the  Texas  Advanced  Research  Program  and 
the  Joint  Services  Electronics  Program. 
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Figure  5.  Electric  field  profile  at  the  beginning  of  the  ac  cycle  with 
(a)  no  1014  cm'3  or  1017  cm'3  layers,  (b)  100A  of  JO14  cm'3 
followed  by  300A  of  1017  cm'3,  and  (c)  100A  of  1014  cm'3 
followed  by  1000A  of  1017  cm*3. 
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ABSTRACT 

Circuits  in  which  oscillators  are  integrated  with  antennas  to 
form  quasi-optical  sources  have  applications  in  phased  array  radar 
(1),  quasi-optical  local  oscillators  (2),  and  a  variety  of  obstruction 
detection  and  process  control  applications  (3).  In  this  paper  we 
describe  a  low-cost  planar  oscillator  circuit  in  which  2  FETs  are 
coupled  by  microstrip  rampart  line  antennas  and  operate  in  a  push- 
pull  power  combining  configuration.  Prototype  circuits  have  been 
constructed  which  operate  at  X-band ;  the  same  principle  may  be 
applied  at  higher  frequencies. 

INTRODUCTION 

In  a  previous  paper  we  described  a  microstrip  quasi-optical 
oscillator  which  used  a  single  FET  as  the  negative  resistance 
element  and  a  periodic  microstrip  patch  array  as  a  resonant  element 
and  antenna  (4).  In  that  instance  the  leaky-wave  stopband  of  the 
antenna  was  used  to  reflect  energy  to  the  FET  and  sustain 
oscillation  while  simultaneously  radiating  in  the  broadside 
direction. 

In  the  circuit  described  in  the  present  paper,  the  leaky- 
wave  resonator/antenna  is  formed  by  coupling  two  rampart  line 
antennas  at  intervals  of  2.g  along  their  length.  In  this  way  the  even 
and  odd  mode  impedances  of  the  coupled  sections  may  be  used  to 
control  the  mode  of  oscillation  of  the  two  FETs. 

ANTENNA  DESIGN 

The  microstrip  rampart  line  antenna  has  been  described  by 
Hall  (5).  The  antenna  consists  of  sections  of  microstrip  line 
connected  by  mitred  right  angle  bends.  For  propagation  directions 
close  to  broadside,  the  radiation  may  be  considered  to  arise  from  a 
magnetic  current  element  lying  at  the  edge  of  the  mitred  bend.  If 
the  lengths  of  the  lines  between  the  bends  are  equal  to  Xg/4,  the 
radiation  will  be  in  the  broadside  direction,  with  the  E  field 
polarized  perpendicular  to  the  axis  of  the  antenna. 

In  our  case,  two  such  antennas  are  placed  side  by  side  as 
shown  in  Figure  1.  In  this  case  it  can  be  seen  that  the  antenna  will 
radiate  in  the  broadside  direction  if  it  is  excited  in  the  odd  mode, 
that  is,  with  the  voltages  at  ports  one  and  two  180  degrees  out  of 
phase. 

The  coupled  sections  exhibit  even  and  odd  mode 
impedances,  Zoe  and  Z()o,  which  are  dependent  on  the  width  and 
spacing  of  the  lines.  If  we  choose  Z()o<Zo  and  ZOe=Zo,  then 
reflective  stopbands  will  exist  in  the  odd  mode  due  to  the  periodic 
impedance  variations,  but  none  will  occur  in  the  even  mode.  This 
is  the  configuration  that  we  use.  In  addition,  the  widths  and 
spacings  of  the  coupled  sections  may  be  varied  for  each  section  to 
alter  the  shape  of  the  stopband. 

When  this  type  of  antenna  is  operated  in  the  leaky-wave 
stopband,  the  total  field  radiated  from  the  mitred  bends  at  the 
terminated  end  is  shifted  in  phase  from  that  at  the  feed  end, 
thereby  moving  the  radiated  beam  a  few  degrees  off  from  the 
broadside  direction.  This  effect  is  diminished  as  the  antenna 
length  is  increased. 


*  This  work  was  supported  by  the  Texas  Advanced  Technology  Program 
and  the  U.S.  Army  Research  Office,  contract  no.  DAAL03-88-K-0005 


CIRCUIT  CONFIGURATION 

A  schematic  view  of  the  oscillator  is  shown  in  Figure  2. 
The  FETs  are  connected  to  the  coupled  antennas  in  a  symmetric 
fashion  as  shown.  The  operation  of  the  circuit  may  be  understood 
in  the  following  way: 

Since  the  circuit  is  symmetric,  we  may  consider  separately 
the  even  and  odd  modes  of  operation.  In  the  odd  mode,  (at  the 
frequency  of  oscillation),  the  coupled  antenna  appears  as  a 
transmission  line  of  impedance  Zo  which  is  periodically  loaded 
with  sections  of  impedance  Z()o  <  Zo,  hence  it  presents  a  large 
return  loss  to  the  FET.  By  adjusting  the  lengths  of  the  open  circuit 
microstrip  lines  on  the  FETs,  we  can  satisfy  the  oscillation 
condition  for  the  device.  Conversely,  in  the  even  mode,  the 
impedances  of  the  coupled  sections  are  Z()e=Zo,  therefore  the 

drains  of  the  FETs  ere  effectively  terminated  in  50  Q.  This  causes 
the  FETs  to  operate  in  a  more  stable  region  than  in  the  odd  mode 
case.  In  this  way  we  force  the  FETs  to  oscillate  in  the  odd  mode. 

Finally,  it  is  necessary  to  insure  that  the  circuit  will 
oscillate  only  at  the  desired  operating  frequency.  For  this  reason, 
it  may  be  necessary  to  add  resistive  elements  to  the  circuit  to 
remove  any  unwanted  instabilities. 

CIRCUIT  CONSTRUCTION 

The  X-band  prototype  circuits  were  fabricated  using  .020 
inch  thick  Rogers  Duroid  5880,  with  a  relative  dielectric  constant 
of  2.2.  The  FETs  used  were  NEC  710  packaged  devices,  which 
were  soldered  in  place. 

The  electrical  design  was  performed  using  the  FET  small 
signal  parameters  and  Touchstone  microwave  CAD  program 
available  from  EEsof,  Inc.,  of  Westlake  Village,  CA.  The  design 
frequency  was  10  GHz;  the  actual  measured  oscillation  frequency 
was  9.5  GHz.  Most  likely  the  differrence  between  the  predicted 
and  actual  values  was  due  to  the  error  introduced  by  neglecting  the 
nonlinear  behaviour  of  the  FETs  as  well  as  uncertainties  in  the 
electrical  lengths  of  the  rampart  line  mitred  bends. 

The  measured  radiation  patterns  in  the  principle  planes  are 
shown  in  Figures  3  and  4.  The  one  sided  3dB  beamwidths  are  10 
degrees  in  the  H-plane  and  38  degrees  in  the  E-plane.  The 
maximum  cross  polarization  level  is  more  than  20  dB  below  the 
main  beam  level.  The  lobes  in  the  E-plane  pattern  are  most  likely 
due  to  finite  ground  plane  effects. 

As  a  measure  cf  the  overall  efficiency  of  the  quasi-optical 
source,  we  define  the  isotropic  conversion  gain  as  the  ratio  of 
radiated  power  in  a  particular  direction  to  that  of  an  isotropic 
source  which  converts  dc  power  to  rf  at  100%  efficiency.  For  this 
device  we  measure  6.1  dB  isotropic  conversion  gain. 

CONCLUSION 

We' have  described  a  quasi-optical  power  combining  push- 
pull  GaAsFET  oscillator  using  coupled  microstrip  antennas.  X- 
band  prototypes  have  exhibited  good  isotropic  conversion  gain  in  a 
simple  low-cost  planar  circuit.  The  prototype  design  may  be  scaled 
to  higher  frequencies. 
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Figure  1.  Four  section  coupled  rampart  line  antenna. 
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Figure  3.  H-plane  antenna  pattern. 


Figure  4.  E-plane  antenna  pattern. 
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INTRODUCTION 

Basically , frequency  division  is  possible  by 
synchronizing  a  harmonic  mode  oscillator  at 
its  harmonic  frequency  fM  while  coupling  out 
the  fundamental  frequency  f,,.  However,  the 
very  high  virtually  external  Q-factor  <>1000 
c.o.  Cl 3>  of  standard  type  harmonic  mode  os¬ 
cillators  limits  the  bandwidth  of  operation 
to  only  a  few  hundred  MHz  at  moderate  input 
power  levels^ 

This  paper  describes  the  application  of  an 
specifically  tuned  2nd  harmonic  mode  oscil¬ 
lator  as  a  frequency  halver  showing  a  rela¬ 
tively  large  synchronisation  bandwidth  of 
SGHz  respectively  2. 5GHz  centered  around 
94GHz  respectively  47GHz. 

BASIC  PRINCIPLES 

This  broadband  mode  of  operation  occurs  un¬ 
der  the  following  conditions: 

1. The  bias  voltage  is  slightly  below  thres¬ 
hold  of  the  Gunn-device  ,  the  incident  RF- 
power  causes  an  additional  voltage  across 
the  device  exceeding  the  threshold-voltage 
(Fig.l)  .  Hence, a  dipol-domain  arises  and 
starts  drifting  through  the  cristal.Once  a 
domain  exists  no  other  can  be  generated 
until  the  present  domain  has  reached  the 
anode  of  the  Gunn-device  after  the  transit 
time  Tc.Here,  the  domain  decays  inducing  a 
steep  current  rise  C2].  The  voltage  across 
the  device  is  now  below  threshold  and  the 
next  domain  arises  (inducing  a  steep  cur¬ 
rent  drop  )  not  till  then  the  RF-voltage 
exceeds  the  threshold  oncemore. 

Consequently, only  each  second  RF-cycle  is 
causing  a  current  pulse  :the  period  of  the 
resulting  output  current  is  twice  the  per¬ 
iod  of  the  input  signal. 

This  so  triggered  (or  primed)  Gunn-oscilla- 
tor  is  comparable  to  a  frequency  divider 
using  a  monostable  multivibrator  having  a 
hold  time  of  T«  .  This  mode  of  operation  was 
proposed  by  Bosch  and  Pollmann  in  1973<c3]). 

2.  The  bias  voltage  is  adjusted  above  thres¬ 
hold  .Hence,  normal  oscillator  mode  takes 
place.  How, the  incident  RF-voltage  lowers 
the  voltage  across  the  device  to  a  level 
below  threshold.  Between  ti  and  ta  (c.f. 
Fig.  2)  no  domain  can  arise. Then  ,  -at  t*- 
the  threshold  voltage  will  be  exceeded  ,  a 
domain  arises,  travels  through  the  criatal 


and  finally  reaches  the  anode  at  ta  after 
the  transit  time  Tc. Again,  the  RF-voltage 
hinders  the  generation,  of  another  domain 
until  -at  t*-  the  threshold  will  be  ex¬ 
ceeded  once  again. 

Consequently , one  of  two  cycles  of  the  RF- 
voltage  has  less  influence  on  the  current: 
it  oscillates  with  half  the  incident  fre¬ 
quency  fM/2. 

This  mode  is  adeqate  to  the  common  "delayed 
domain  mode"  caused  by  tuning  the  resonator 
of  a  fundamental  mode  oscillator  to  frequen¬ 
cies  lower  than  the  transit  frequency  f«  of 
the  Gunn-device. 

Frequency  halving  occurs  in  both  cases  only 
in  a  frequency  window, where 

(2-d>  *f „ <f n<-*f „ 

is  valid  .Herein, the  domain  delay  is  denoted 
by  d=  mt»fH  (refer  Fig.2>.It  ranges  between 
0  and  .5  and  depends  -as  Fig. 2  shows-  on 
bias  voltage, Input  power  and  circuit  tuning. 
The  input  power  level  should  not  be  to  high 
to  prevent  quenching  of  drifting  domains 
before  they  have  arrived  at  the  anods. 

However, both  modes  are  overlapping  and  not 
very  critical  about  bias  voltage. 

SET  UP 

The  set  up  of  the  frequency  halver  is  shown 
in  Fig. 3. The  Q-Band  (40-60GHz>  waveguide  of 
the  oscillator  mount  supports  both  the 
fundamental  frequency  £*  and  the  harmonic 
frequency  fH=2»fp.The  W-Band  <75-110GHz> 
waveguide, where  the  input  power  is  incident, 
totally  reflects  the  fundamental  fundamental 
wave. Hence  the  free  running  frequency  of 
the  oscillator  is  determined  by  the  distance 
between  the  Q-R-Band  interface  and  the  de¬ 
vice.  It  can  be  tuned  by  spacer  1. 

A  resonant  iris  C3]  at  the  output  port  is 
used  to  stop  the  input  wave  <2»f,r>  but  to 
pass  the  fundamental  wave  (fp-).It  has  an 
insertion  loss  of  .5dB  at  fp-  and  of  »  25dB 
at  fM.The  distance  between  device  and  iris 
is  adjustable  by  spacer  2  to  optimize  the 
voltage  swing  across  the  device  caused  by 
the  incident  synchronisation  power  and  the 
generated  fundamental  wave. 
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RESULTS 

Transit  frequency  of  the  device  *  55GHz 

Input  power  (at  fM>  *  lmW 

Output  power  (at  fF>  *  50mW 

Conversion  gain  *  17dB 

The  noise-to-carrier  ratio  (phase  noise)  at 
f f=47GHz  was  Measured  to  be  6dB  lower  than 
that  of  the  input  signal  at  fM=94GHz  (shown 
in  Fig. 4  ).  The  bandwidth  of  this  frequency 
halver  was  found  to  be  SGHz/2.5GHz  centered 
•around  94GHZ/47GH z. 

CONCLUSION 

The  basic  principles  and  the  set  up  of  a  new 
frequency  halver  for  millimeter-wave  appli¬ 
cations  are  discussed  briefly.  A  GaAs  Gunn- 
device  is  used  acting  like  a  monostable  Mul¬ 
tivibrator  having  a  hold  tiMe  adequate  to 
the  doaain  transit  tiMe  of  the  device.  An 
input  power  of  about  ImW  is  sufficient  to 
achieve  a  bandwidth  of  SGHz  respectively 
2.5GHz  centered  at  94GHz  respectively 
47GHz.  An  output  power  of  50mW  is  generated. 
Thus,  the  frequency  halver  offers  a  conver¬ 
sion  gain  of  17dB. 

Possible  applications  are(i.e.): 

<>  Frequency  processing  in  MM-wave  radars 
<>  BandcoMpression  in  surveillance  receivers 
<>  PLL's 

<>  Frequency  synthesizers 
<>  Gigabit  logics 
<>  Counters 
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Fig. 3  :  Set-up  of  the  frequency  halver 
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Fig.l  :  Haraonically  prised  Gunn-oscillator 


Fig. 2  :  Harmonically  delayed  Gunn-oscillator 


Fig. 4  :  Input-and  output-spectra  of  the 
frequency  halver 
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PARAMETRIC  ANALYSIS  OF  GalnAs  DEVICES 
FOR  MM-WAVE  APPLICATIONS 

A.R.  JHA,  -TECHNICAL  DIRECTOR 

JHA  TECHNICAL  CONSULTING  SERVICES 
12354  Charlwood  Street 
Cerritos,  CA  90701 

ABSTRACT 

Metal-lnsulator-Semiconductor  FETs  (MISFETs)  when 
fabpicatpd  from  GalnAs  semiconductor  material  offer 
significant  performance  improvement  at  mm-wave 
frequencies.  Higher  electron  velocity,  power- 
added  efficiency,  device  stability,  transconductance 
and  resistance  to  ionizing  radiation  are  the  out¬ 
standing  features  of  these  devices.  Significant 
improvements  in  gain-bandwidth  product,  AM /PM 
performance,  and  third-order  intermodulation 
distortion  make  GalnAs  devices  attractive  for 
communication  and  radar  equipment. 

INTRODUCTION 

Low  noise  and  high  gain  microwave  devices  are 
desirable  for  millimeter  wave  radars,  radiometric 
sensors,  and  Electronic  Support  Measures  (ESM) 
receivers.  Theoretical  studies  performed  indicate 
that  MISFET  devices  have  potential  applications 
in  mm-wave  systems.  It  is  important  to  mention 
that  high  electron  mobility,  saturation  electron 
velocity,  and  transconductance  of  the  MISFETs 
can  provide  low  noise,  high  gain,  and  high  power- 
added  efficiency  in  mm-wave  regions. 

This  paper  identifies  principal  advantages  and 
unique  performance  characteristics  of  the  MISFETs 
based  on  peak  drift  electron  velocity  and  advanced 
transport  theory.  The  studies  performed  indicate 
that  MISFET  fabricated  from  GalnAs  semiconductor 
material  will  yield  excellent  performance  in  mm- 
wave  regions.  The  studies  further  indicate  that 
such  devices  will  be  found  potentially  superior 
in  some  respects  to  conventional  GaAs  power 
MESFETs.  Preliminary  computations  reveal  that 
a  MISFET  with  I  micron  gate  length  and  fabricated 
with  a  self-aligned-gate  process  can  deliver  power 
output  about  900  mw  @  4 GHz  ,  450  mw  3  12  GHz, 

400  mw  @  20  GHz  and  180  mw  @  35  GHz,  with 
power-added  efficiencies  of  55,  42,  29,  and  15 
percent,  respectively.  However,  at  lower  power 
levels,  power-added  efficiencies  as  high  as  66, 

58,  35,  and  18  percent,  respectively,  are  possible. 
The  devices  show  high  resistagce  to  large  doses  ( 
of  ionizing  radiation  (about  10°  rad).  Properties 
of  potential  materials  that  can  be  used  in  fabri¬ 
cation  of  MISFET  devices  are  shown  in  Table  1. 

Note  the  average  drift  velocity  (v)  is  directly 
proportional  to  transit  time  (t).  Furthermore, 
small  transit  time  will  yield  large  drift  velocity, 
and,  consequently,  high  device  gain.  Note 
higher  electron  drift  velocity  and  small  gate 
length  will  yield  higher  '.utoff  frequencies,  and, 
thus  higher  device  gain.  The  performance  behavior 
of  GalnAs  compound  improves  significantly  compared 
with  GaAs  and  InP  compounds,  as  the  device 
gate  length  decreases.  It  is  important  to  mention 
that  the  intrinsic  properties  of  GalnAs  compound 


such  as  low-field  mobility,  peak  drift  velocity  and 
intervalley  separation  are  higher  than  those  for 
GaAs,  thereby  making  it  most  ideal  compound  for 
fabrication  of  MISFET  devices.  The  metal-insulator- 
semiconductor  (MIS)  provides  independent  optimization 
of  channel  doping,  high  gate-to-drain  breakdown 
voltage,  and  higher  current  swings,  which  are 
responsible  for  improved  power  output  density. 

The  RF  performance  of  a  MISFET  is  inherently 
more  linear  than  a  conventional  MESFET  device, 
because  of  nearly  constant  transconductance  and 
input  capacitance  of  the  MIS  gate,  irrespective 
of  the  RF  drive. 

DEVICE  CONFIGURATION  AND  FABRICATION 

The  cross-section  of  a  MISFET^  device  using  the 
self-aligned-gate  construction  technique  is  shown 
in  Figure  I.  The  device  shown  uses  GalnAs  compound 
as  a  fabrication  material  instead- of  conventional 
GaAs  compound.  This  device  configuration  provides 
full-gate  structure  with  minimum  parasitic 
capacitances  and  drain  current  drift,  which  are 
considered  the  principal  requirements  for  optimum 
microwave  performance.  GalnAs  and  SI  InP  are 
the  important  compounds  and  widely  used  in  fabri¬ 
cation  of  MISFETs.  The  MISFET  process  used 
Si02  deposited  at  low  temperature  as  the  gate 
insulator  and  self-aligned-gate  approach  to  minimize 
gate-overlap  capacitances  that  impair  RF  performance, 
and  at  the  same  time  retains  a  full-gate  structure 
for  satisfactory  device  stability.  The  starting 
wafer  consists  of  an  SI  InP  substrate  with  n-  and 
n+  GalnAs  layers  grown  by  the  vapor-phase- 
epitaxy  (VPE)  technique.  After  mesa  etching 
to  isolate  the  devices,  the  source  and  drain  contact 
metalization  (Ti/Pt/Au)  is  deposited  and  defined 
using  lift-off  techniques.  The  channel  recess 
is  defined  with  photoresist,  and  the  recess  is  etched 
until  the  required  drain  current  is  obtained.  SiO 
is  then  deposited,  which  is  immediately  followed 
by  the  deposition  of  the  Gate  metalization  (Ti/Pt/Au). 
After  lift-off,  the  wafer  is  annealed,  because  annealing 
improves  the  already  very  low  source  and  drain 
contact  resistance.  Gold  plating  of  source  posts 
and  bridges  for  flip-chip  mounting  completes  the 
fabrication  process.  The  gate  length  of  the  MISFET 
is  nominally  I  micron  and  the  devices  have  a  four- 
gate  stripe  geometry. 

MISFET  PERFORMANCE  CAPABILITY 

The  l-V  characteristics  of  a  typical  GalnAs  MISFET 
device  with  gate  length  of  I  micron,  gate  width 
of  600  microns  and  gate  oxide  layer  of  0.05  micron 
yield  a  maximum  frequency  of  oscillation  around 
45  GHz,  transconductance  of  171  ms,  average 
carrier  velocity  of  about  4.  2X1  O'  cm/sec  and  transit 
time  of  less  than  3  picoseconds.  The  predicted 
performance  parameters  of  the  device  are  summarized 
in  Tabie  2.  The  device  with  a  flip-flop  structure 
provides  the  lowest  thermal  resistance  and  source 
inductance,  both  necessary  for  high  power  density 
and  power-added  efficiency.  Maximum  available 
gain  (MAG)  versus  frequency  for  a  MISFET,  standard 
HEMT  and  pseudomorphic  HEMT  is  shown  in  Figure 
2.  Note  the  MISFET  performance  falls  between 
a  standard  HEMT  and  pseudomorphic  HEMT  (or 
MODFET).  Recent  research  and  development 
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activities  indicate  that  a  heterostructure-gated 
SISFET  fabricated  with  InCaAs  gate,  InAIAs 
barrier,  InGaAs  channel  and  InP  substrate  seems 
to  yield  a  peak  intrinsic  transconductance  of  aboi^t 
325  ms/mm  and  drift  velocity  greater  than  4  x  10  cm/ 
sec.  (Figure  3).  with  moderate  gate  lengths. 

SUMMARY 
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GalnAs  MISFET  devices  with  moderate  gate  lengths 
yield  high  gain,  improved  power-added 
efficiency  and  enhanced  power  density  in  mm-wave 
regions.  The  fabrication  cost  of  a  MISFET  device 
with  gate  lengths  varying  from  I  to  2  micron  will 
be  substantially  lower  than  that  for  submicron  FETs 
or  HEMTs,  which  normally  require  gate  lengths  between 
0.25  to  0.5  micron.  GalnAs  MISFET  devices  are 
superior  to  CAAS  MESFETs  for  high  power  mm-wave 
amplifier  applications  due  to  higher  current  swings, 
power  output  density,  and  power-added  efficiency. 

The  MISFETs  show  an  improvement  of  12  to  13  dB  in 
the  third-order  intermodulation  distortion  over 
MESFETs.  Significant  improvements  in  performance 
can  be  achieved  by  applying  submicron  gates  to  GalnAs 
MISFETs.  Further  research  into  characteristics 
of  the  semiconductor/insulator  interface  should 
result  in  considerable  improvements  to  device 
stability.  - 
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Advanced  Lightwave  Technology  -  Very  large  Capacity  Optical  Coherent  Communications 
Kiyoshi  Nosu,  NTT  Laboratories,  1-2356  Take,  Yokosuka-sni,  Kanagawa-ken,  Japan  238-03 

ABSTRACT  Attempts  are  recommencing,  after  a  ten  year  dormancy,  to  use  lightwaves  in  as  sophisticated  manner  as  that  in 
which  radio  waves  are  used.  Technologies  previously  developed  for  radio  wave  systems  are  now  being  transferred  to  high 
speed/large  capacity  advanced  lightwave  communications.  This  paper  reviews  key  technologies  for  advanced  lightwave 

communications,  especially  optical  heterodyne/homodyne  detection  and  optical  FDM  ( frequency  division  multiplexing). 
l.INTRODUCTION  Almost  one  hundred  years  have  passed  since  Marconi  invented  radio  communication,  and  about  thirty  years 
have  passed  since  the  invention  of  the  laser.  Present  practical  fiber  optic  communication  systems  convey  information  by  changing 
optical  “power”.  In  other  words,  present  optical  communications  are  at  the  level  of  spark  discharge  radio  communications  in  the 
1S90’. 

With  the  recent  development  of  coherent  light  sources,  more  sophisticated  communication  technologies  which  utilise  the  very 
large  bandwidth  potential  of  optical  carriers  are  becoming  feasible  (D  M).  Advanced  lightwave  technologies  using  coherent  light  sources 
have  potential  for  constructing  large  capacity  communication  systems,  breaking  through  the  present  barrier  of  incoherent  light 
communication  performance.  There  are  two  ways  to  improve  transmission  capacity  :  (1)  high  speed  transmission  -  time  division 
multiplexing,  and  (2)  multi-channel  optical  transmission  -  optical  frequency  division  multiplexing.  A  key  technology  in  high-speed 
transmission  is  optical  heterodyne  detection.,  and  a  key  technology  in  optical  multiplexing  transmission  is  optical  frequency  division 
multiplexing  ( optical  FDM).  This  paper  describes  the  present  state  and  perspectives  of  these  advanced  lightwave  technologies. 

2. HETRODYNE  DETECTION  TECHNOLOGY  A  block  diagram  of  a  communication  system  using  heterodyne  detection  is 

shown  in  Fig.l.  Figure  2  shows  theoretical  est'-nations  of  high  speed  transmission  system  repeater  spans.  The  combination  of  FSK 
or  PSK  modulation  and  optical  heterodyne  dc  ction  permits  significantly  improved  sensitivity ,  improved  by  more  than  I5dB  over 
conventional  direct  detection- 

As  shown  in  Fig.  2,  the  direct  detectio.i  system  transmission  system  speed  is  limited  by  fiber  chromatic  dispersion,  while ,  in  a 
heterodyne  detection,  optical  signal  waveform  distortion  due  to  fiber  chromatic  dispersion  can  be  compensated  for  by  an  electrical  delay 
equalizer  in  an  electrical  IF  band.  Accordingly,  it  is  anticipated  that  heterodyne  detection  technology  will  be  used  not  only  for  long- 
haul  transmission  but  also  for  high-speed  transmission  and  dense  multiplexing  transmission  systems,  although  heterodyne  detection 
employs  sophisticated  devices  such  as  narrow  spectrum  lasers,  broadband  IF  circuits  etc.. 

Major  research  topics  for  high  speed  heterodyne  detection  systems  are  shown  in  Fig.3.  Among  them,  broadband  receiver 
electrical  IF  circuits,  broadband  photodetectors  and  their  intergration  technology  ( OEIC )  are  most  significant  because  heterodyne 
receiver’s  bandwidth  must  be  about  twice  that  of  a  direct  detection  receiver. 

3.  OPTICAL  FDM  TECHNOLOGY  The  schematic  configuration  of  an  optical  FDM  system  is  shown  in  Fig.  4.  Frequency 
utilization  efficiencies  of  optical  multiplexing  systems  and  radio  systems  are  shown  in  Fig.  5. 

Two  technologies  are  important  for  optical  FDM.  One  is  multiplexing  and  demultiplexing  of  optical  carrier  waves  with  GHz- 
order  intervals.  The  filter  configurations  developed  for  microwaves  or  millimeter  waves,  such  as  periodic  filters  (  Mach-Zehnder 
interferometers  )  and  ring  resonators,  are  now  being  applied  to  FDM  systems'5).  At  present,  the  most  promising  is  a  planar 
waveguide  periodic  filter.  The  other  key  technology  is  light  source  frequency  stabilization'5)*®) .  Thermally  stabilized  etalon 
and  ring  resonators  are  utilized  as  optical  frequency  references.  A  more  accurate  frequency  references  are  atomic  absorption  lines  of 
gases.  Although  LD  frequency  deviation  of  less  than  1MHz  has  been  achieved,  frequency  stabilization  of  a  number  of  optical 
sources  is  an  item  for  further  research. 

Nonlinear  optical  effects  such  as  four-wave  mixing  in  optical  fiber  and  optical  amplifiers  cause  interference  waves-'7)  These 
characteristics  must  be  taken  into  account  in  designing  systems.  Figure  6  summarizes  the  major  research  topics  for  optical 
multiplexing,  with  a  large  number  channels. 
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Figure  1.  Optical  heterodyne  /  homodyne 
detection  system  configuration. 
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Figure  2.  Repeaterless  transmission 
distance  of  high-speed  systems. 


mufti  channel 
transmitter 


Gfreouency  conversion 
Omotttchannel  array  IDs 


Figure  3.  Factors  limiting  high-speed  transmission. 
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Figure  6.  Factors  limiting  optical 
multi-channel  systems. 
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Abstract 

High-speed  or  wide-band  light  modula¬ 
tors  are  described.  It  is  shown  that  high- 
performance  microwave  light  modulators  are 
realized  with  the  optical  guided-wave  stru¬ 
cture  and  traveling-wave  type  operation. 
The  integration  of  high-performance  modula¬ 
tors  is  also  discussed.  Other  topics  in¬ 
clude  the  efficient  light  modulation  at 
millimeter-wave  frequencies  and  the  genera¬ 
tion  of  extremely  broad  optical  sideband 
(0.64  THz )  by  a  microwave  light  modulator. 

Introduction 

A  natural  advantage  of  the  light  wave 
is  in  its  potentially  large  bandwidth  or 
ultrafast  property.  In  that  respect,  the 
modulation  of  light  at  microwave  or  milli- 
meter-wave  frequencies  is  one  of  the  most 
important  techniques  in  the  optical  elec¬ 
tronics,  and  has  attracted  considerable 
attention. 

Guided-Wave  Light  Modulators 

The  introduction  of  waveguide  techni¬ 
ques  to  coherent  optical  devices  is  the 
natural  extension  of  successful  microwave 
waveguide  technology.  Since  the  concept  of 
optical  guided-wave  devices  was  introduced 
at  the  end  of  1960's,  various  waveguide 
modulators  have  been  demonstrated  (1-2). 

For  ordinary  bulk  type  electrooptic 
modulator,  the  P/Af  (i.e.,  modulating  po¬ 
wer/bandwidth)  figure  was  the  order  of  seve¬ 
ral  mW/MHz  due  to  the  inevitable  diffrac¬ 
tion  effect.  With  the  guided-wave  type 
scheme,  this  limitation  was  removed  and  the 
modulation  efficiency  was  remarkably  im¬ 
proved  to  several  mW/GHz  [3].  However,  the 
bandwidth  was  not  very  large  due  to  the 
capacitance  of  the  modulator. 

To  increase  the  modulating  frequency  to 
the  microwave  region,  we  introduced  the 
traveling-wave  mode  of  operation  for  the 
guided-wave  modulator,  and  showed  that,  in 
the  case  of  LiNbOj,  this  type  of  operation 
would  give  three-times  efficient  modulation 
even  with  the  velocity  mismatching  between 
light  and  modulating  waves.  The  first  expe¬ 
rimental  phase  modulator  based  on  this 
concept  proved  the  expected  modulation 
frequency  range  from  DC  to  7.5  GHz(4]. 

For  the  first  model  the  symmetrical 
coplanar  strip  line  was  used  as  electrodes/ 
transmission  line.  Frequency  characteris¬ 
tic,  however,  over  such  a  wide  range  was 
not  good  due  to  the  discontinuities  at  the 


connecting  points  of  electrodes  and  input/ 
output  coaxial  lines.  The  use  of  asymmetric 
coplanar  strip  line  reduced  considerably 
this  effect,  thereby  producing  the  smooth 
modulation  characteristics! 5] .  Later  the 
three-electrode  coplanar  line  was  also 
introduced  as  an  effective  electrodes[6] . 

While  the  scheme  for  the  phase  modula¬ 
tor  is  straightforward,  there  are  different 
methods  for  the  intensity  modulator/ switch. 
Of  these,  the  directional  coupler  and  push- 
pull  interferometer  types,  as  shown  in 
Fig.1,  are  promising  for  the  high-speed  and 
efficient  modulation. 

The  maximum  modulation  frequency  of  the 
traveling-wave  type  modulator  is  limited  by 
the  velocity  mismatching  between  light  and 
microwave.  In  case  of  the  ordinary  LiNbOg 
guided-wave  modulator  the  product  of  maxi¬ 
mum  frequency  fm  and  length  L  is  appro¬ 
ximately  given  by 

fm*  L  =  6.7  [GHz*cm]  (1 ) 

It  means  that  the  modulator  length  should 
be  reduced  in  order  to  obtain  the  large 
bandwidth.  But  with  the  shorter  length  the 
larger  modulation  power  is  required.  Seve¬ 
ral  methods  for  reducing  the  velocity  mis¬ 
matching  have  been  proposed.  In  most  cases, 
however,  the  larger  modulating  power  is 
required  in  exchange  of  the  bandwidth. 
Until  now  24  GHz  bandwidth  [7)  and  1.5 
mW/GHz  P/Af  at  633  nm  [8]  were  achieved. 

Integration  of  High-Speed  Light  Modulators 

Integration  of  high-speed  modulators  is 
interesting  for  applications.  Only  few 
examples,  however,  have  been  reported  be¬ 
cause  of  difficulties  in  integration.  The 
first  successful  example  is  an  SSBfsingle- 
sideband)modulator/ frequency-shifter  which 
is  constructed  by  integrating  two  push-pull 
interferometer  modulators  and  three  optical 
phase  shifters  on  a  LiNb03  substrate! 9 ] . 
Frequency  shift  of  2  GHz  for  633  nm  light 
wave  was  observed  in  the  experiment. 

Another  interesting  example  is  a  1x4 
optical  switch  array  composed  of  three 
high-speed  modulators  as  shown  in  Fig. 2 
(10).  The  basic  operation  of  the  array  as  a 
gigabit-rate  time  demultiplexer  was  experi¬ 
mentally  confirmed. 

Resonant-Electrode  Guided-Wave 
Modulator:An  Efficient  Millimeter- 
Wave  Light  Modulator 

As  seen  from  Eq.(1), 


if  the  modulation 
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at  millimeter  waves  is  desired,  the  length 
for  the  traveling-wave  type  modulator 
should  be  reduced  to  a  few  millimeters.  As 
a  result  the  modulating  power  reaches  an 
impracticable  level. 

Recently  a  novel  modulator  with  a  reso¬ 
nant  electrode  structure  was  proposed  and 
experimentally  demonstrated  at  the  modula¬ 
tion  frequency  of  35  GHz  [11].  Unlike 
traveling-wave  type  modulators  the  present 
one  works  within  certain  frequency  bands 
around  its  resonant  frequencies.  Although 
the  bandwidth  is  limited  to  5  GHz,  the 
phase  modulation  of  0.76  rad  was  obtained 
with  the  modulating  power  of  only  220  mW. 
This  is  perhaps  the  first  millimeter  v/ave 
light  modulator  workable  at  the  realistic 
power  level.  Fig. 3  shows  the  structure  of 
the  modulator  and  an  example  or  the  optical 
spectrum  of  the  phase-modulated  light  mea¬ 
sured  by  a  scanning  Fabry-Perot  interfero¬ 
meter. 

Generation  of  Extremely  Broad 
Optical  Sideband 

The  wideband  modulation  is  a  natural 
way  to  obtain  widely  spread  optical  side¬ 
bands.  An  alternate  approach  is  to  make  use 
of  the  deep  modulation.  If  a  continuous 
light  wave  is  phase  modulated  by  a  sinusoi¬ 
dal  microwave  signal  of  the  frequency  f_, 
the  spectral  width  of  the  modulated  light 
is  approximately  given  by 

A  f  =  2  fm.  AO  (2) 

where  A6  is  the  depth  of  phase  modulation. 
A  specially  made  LiTa03  bulk-type  two-stage 
modulator  was  used  to  modulate  514.5  nm 
light  beam.  A  9.35  GHz  pulsed  magnetron  was 
used  as  a  modulating  source.  Fig. 4  shows  an 
example  of  the  measured  optical  spectrum, 
from  which  the  modulation  depth  is  esti¬ 
mated  as  34  rad  [12],  The  observed  spectral 
width  of  640  GHz  is  one  of  the  widest 
reported  with  the  electrooptic  method. 

Conclusion 

Guided-wave  modulators  at  microwave  or 
even  millimeter  wave  frequencies  are  coming 
up  to  the  stage  of  practical  use.  Some 
modulators  have  been  used  as  the  modulator 
and  the  demultiplexer  for  high-bit-rate 
optical  transmission  experiments  [13],  Also 
their  applications  as  a  portion  of  micro- 
wave  systems  would  be  useful. 


Fig.1  High-speed  intensity  modulators 


Fig. 2  A  1x4  optical  time  demultiplexer [ 1 0 ] 


Fig. 3  A  MM-wave  light  modulator  [11] 


Fig. 4  Observed  optical  spectrum  of  the 
deeply  phase-modulated  light [12] 
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Abstract 


The  bandwidths  of  semiconductor  lasers,  modulators  and  photodetectors 
have  dramatically  increased  recently,  making  it  possible  to  directly 
modulate  light  with  signals  whose  frequencies  extend  from  dc  to  milli¬ 
meter  wave  frequencies.  Furthermore,  the  low  auenuation  of  optical  fiber 
and  modulation-frequency-indcpcndent  nature  of  the  attenuation  makes 
lightwave  transmission  of  broadband  microwave  signals  attractive. 

Recent  advances  in  generating  subpicosecond  optical  pulses  at  microwave 
frequencies  using  semiconductor  lasers  has  made  it  possible  to  generate 
combs  of  frequencies  extending  through  the  entire  microwave  and 
millimeter  wave  spectrum.  With  present  and  next  generation 
photodetectors  to  detect  these  optical  signals,  many  applications  of 
optoelectronic  devices  to  spectroscopy,  analog  and  digital  transmission, 
electro-optic  sampling,  and  high  speed  electronics  and  optical  computing 
have  become  important. 

Loss  of  Microwave  Transmission  Systems 

Optical  fiber  transmission  has  many  advantages  over  coaxial  cable  or 
waveguide,  including  lower  attenuation  and  dispersion,  light  weight, 
small  size,  flexibility  and  greater  immunity  to  crosstalk.  The  two  major 
disadvantages  of  optical  fiber  transmission  are  the  limited  bandwidth  of 
the  microwave  to  optical  and  optical  to  microwave  transducers,  and  the 
very  significant  conversion  loss.  This  large  conversion  loss  makes  fiber 
runs  unattractive  for  short  lengths.  The  crossover  point  where  less  loss 
is  incurred  in  fiber  transmission  is  typically  around  10  m,  as  shown  in 
Fig.l.  The  system  losses  for  several  transmission  systems  at  10  GHz 
arc  shown  in  this  figure.  The  relatively  steep  curves  are  for  semirigid 
coaxial  cable  and  WR-90  waveguide  with  losses  at  10  GHz  of  1  and  0.1 
dB/m,  respectively.  For  optical  fiber,  the  attenuation  for  optical 
transmission  at  1.55  pm,  1.3  pm  and  0.8  pm  is  typically  0.0002, 
0.0004,  and  0.002  dB/m,  rcspcctivcly[l].  Even  lower  attenuation  has 
been  achieved  with  carefully  spooled  fiber  before  cabling. 

The  major  differences  in  the  optical  curves  in  Fig.  1  are  the  opto¬ 
electronic  transducers.  The  only  optical  source  which  can  be  directly 
modulated  at  these  frequencies  is  a  semiconductor  laser.  Bandwidths  of 
20  GHz  have  been  demonstrated  at  several  laboratorics[2,3],  and  much 
higher  bandwidths  have  been  demonstated  by  cooling  the  laser[4,5].  The 
small  signal  current  loss  of  a  simple  system  of  length  L  coupled  directly 
to  the  laser  and  to  a  pin  or  Schottky  photodctcctor  without  matching  is 

^  =  ’1|’1dCLCDc'“L 

lL  (1) 

which  has  a  maximum  of  1.  To  obtain  high  efficiencies,  the  quantum 
efficiency  of  the  laser  ( q  l)  and  photodctcctor  (q  q)  must  both  be  high. 
The  alternative  to  direct  laser  modulation  is  a  cw  optical  source  coupled 
with  an  external  modulator.  The  small  signal  current  loss  is 

Lb  =  gr)Dl--r>(-MiiP  MoJftsPjn0*”1' 

JM  v*hv  (2) 

where  the  Cs  arc  coupling  coefficients,  v  it  is  the  half  wave  voltage  of  the 
modulator,  hv  is  the  photon  energy,  c  is  the  electron  charge,  and  P  in  is 
the  input  power  to  the  modulator.  Unlike  the  case  for  direct  modulation, 
the  current  loss  depends  on  the  optical  power.  Presently,  the  loss  of 


external  modulator  systems  is  typically  larger  than  the  loss  of  direct 
modulation  systems  because  of  the  large  half-wave  voltages  of  high 
bandwidth  modulators  and  because  of  the  loss  associated  with  coupling 
in  and  out  of  the  modulator.  However,  the  current  loss  will  probably 
decrease  as  higher  power  semiconductor  lasers  (greater  Pjn)become 
available,  and  transmission  systems  with  gain  arc  possible. 

Lower  losses  can  be  achieved  in  several  ways.  First,  the  quantum  effici¬ 
ency  of  the  photodetector  can  be  increased.  The  bandwidth  efficiency  pro¬ 
duct  of  pin  and  Schottky  photodetectors  are  limited  by  an  inherent  band¬ 
width  efficiency  product  which  is  independent  of  design  parametets[6]: 

f3d!fl  =  0.45  a  Vs  (3) 

where  a  is  the  absorption  coefficient,  and  V  $  is  the  saturation  velocity . 
For  a  transmission  system  at  1.3  pm,  this  limit  is  around  28  GHz. 
Bandwidths  of  60  GHz  with  an  efficiency  of  33%  have  been  demonstrated 
with  GalnAs  photodetectors  at  1.3  pm[7],  while  bandwidths  of  110  GHz 
have  been  demonstrated  with  GaAs  Schottky  photodetectors  at  0.8  pm 
with  an  efficiency  of  25%[8].  Bandwidths  in  excess  of  200  GHz  appear 
to  be  possible  with  proper  dcsign[6].  Higher  bandwidth  efficiency 
products  should  be  possible  with  waveguide  photodetectors[9]. 

Higher  bandwidth  efficiency  products  have  been  demonstrated  with  ava¬ 
lanche  photodetcctors.  The  highest  gain  bandwidth  product  demonstrated 
to  date  is  70  GHz.  This  is  the  gain  over  the  quantum  efficiency  of  the 
absorbing  region  of  the  APD,  which  in  the  case  of  [10]  is  0.7  for  an 
overall  efficiency-bandwidth  product  of  50  GHz.  One  problem  with  APDs 
has  been  the  limited  absolute  bandwidth,  presently  limited  to  7  GHz[10]. 
Although  higher  bandwidths  appear  possible,  pin  or  Schottky  photode¬ 
tcctors  appear  necessary  at  millimctcrwavc  frequencies.  For  transmission 
systems  with  limited  bandwidth,  much  lower  loss  can  be  obtained  with 
appropriate  matching  circuits  to  the  laser  and  photodetector[l  1].  The 
reduction  in  loss  for  a  given  bandwidth  for  a  passive  network  is  of  course 
is  limited  by  the  extent  the  bandwidth  is  rcduccd[12]. 

Another  way  to  decrease  transmission  loss  is  to  coat  the  laser  facets  to 
minimize  the  light  output  from  the  back  of  the  laser,  and  maximize  the 
quantum  efficiency  out  the  front  of  the  laser.  We  have  used  mirror  coat¬ 
ings  of  5%  on  the  front  and  >90%  on  the  back  facet  to  increase  the 
quantum  efficiency  of  1.3  pm  lasers  to  70%.  Using  these  lasers  with 
avalanche  photodetcctors,  the  total  system  loss  from  microwave  connec¬ 
tor  to  microwave  connector  was  reduced  to  under  5  dB,  as  measured  with 
an  HP  85 10  vector  network  analyzer. 

Larger  Bandwidth  Transmission 

The  author  has  used  31  GHz  3  dB  bandwidth  lasers  (at  -40  °C)  with  36 
GHz  photodetcctors  to  transmit  millimeter  wave  signals  at  40  GHz  over 
short  lengths  of  opt:  '"‘xtr,  which  to  our  knowledge  is  the  highest 
frequency  transmission  demonstrated  to  date.  The  bandwidth  of  the  laser 
at  that  temperature  was  limited  by  laser  parasitics.  Smaller  parasitics  arc 
certainly  possible.  This  laser  was  limited  at  room  temperature  by  high¬ 
est  resonance  frequency  that  could  be  generated.  The  bandwidth  is  related 
to  the  resonance  frequency  by[13) 

fMB=  VTTWf,  -  1.55fr  (4) 

while  the  resonance  frequency  is  given  by  [14] 
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rf  =  iJjfe 

2 *V  Tp 


where  v  is  the  group  velocity,  S  is  the  photon  density,  g  is  the  differ¬ 
ential  gain,  and  tp  is  the  cavity  lifetime.  Higher  resonance  frequencies 
can  be  generated  by  higher  power  lasers,  narrower  optical  waveguides, 
higher  differential  gain  coefficients  (achieved  by  modulation  doping[15] 
and  quantum  confinement  in  wells  or  wires!  16])  and  by  cooling. 

An  alternative  for  high  frequency  modulation  is  to  use  external  modula¬ 
tors.  Presently  modulators  with  3  dB  bandwidths  to  20  GHz  have  been 
demonstrated  using  velocity  matched  traveling  wave  modulators  in 
GaAs[17]  as  well  as  staggered  LiNb03  modulators  (although  the  micro- 
wave  phase  is  distorted)!  18j  and  conventional  GaAs  and  LiNb03 
modulators  [19,20]. 

These  relations  between  loss  and  carrier  frequency  arc  summarized  in 
Fig.  2.  Here  we  plot  maximum  transmission  distance  as  a  function  of 
modulation  frequency.  The  calculations  assume  a  2  GBit/s  signal  is 
transmitted  with  10  • 9  bit  error  rate  using  broadband  devices.  Longer 
transmission  is  possible  with  narrow  band  resonant  optoelectronic 
transducers.  These  loss  estimates  are  conservative  if  lower  bit  rate 
transmission  is  used  and  optimistic  if  analog  transmission  with  60  dB 
dynamic  range  is  desired.  However,  this  curve  includes  the  important 
effects  and  breaksin  the  distance  versus  bandwidth  curve.  Note  that  the 
microwave  transmission  distance  decreases  dramatically  with  frequency, 
typically  as  the  square  root  of  modulation  frequency,  while  the  optical 
attenuation  stays  about  the  same.  This  is  because  it  is  directly  the  carrier 
which  is  being  transmitted  in  the  microwave  case.  In  the  optical  case, 
the  carrier  frequency  is  typically  around  200,000  GHz,  and  transmission 
of  the  microwave  subcarricr  at  10,  26  or  even  100  GHz  is  virtually 
identical  (in  fact  the  loss  can  even  go  down  at  higher  modulation 
frequencies  if  a  high  power  narrow  line  optical  source  is  used  so  that 
nonlinear  effects  in  the  fiber  arc  important).  This  figure  also  shows 
experimental  results  for  2  Gbit/s  PSK  transmission  at  1.3  pm  over 
optical  fiber!  21],  Longer  distance  transmission  at  these  bit  rates  is 
possible  with  properly  designed  receivers. 

Short  Pulse  Generation 
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A  major  new  application  of  high  speed  optoelectronic  devices  is  in  the 
realm  of  short  electrical  pulse  generation.  With  the  use  of  mode  locked 
semiconductor  lasers,  it  is  possible  to  generate  subpicosecond  pulses  at 
repetition  rates  from  8  GHz  to  20  GHz.  Slightly  wider  pulses  can  be 
generated  at  lower  repetition  rates.  These  pulses  are  useful  as  compact  - 
sources  for  electrooptic  sampling,  for  very  high  sampling  rate  analog  to  1 
digital  converters,  and  for  sampling  oscilloscopes  using  optically  " 
switched  sampling  gates.  Presently,  100  mV  electrical  pulses  can  be  < 
generated  with  FWHMs  of  8  ps,  and  pulses  up  to  1  V  in  amplitude  can  g 
be  generated  with  12  ps  FWHM,  limited  by  space  charge  effects  in  the 
photodetector[22].  Other  applications  of  these  devices  include  low-jitter 
comb  generators  with  significant  frequency  components  beyond  50  GHz. 
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Figure  2.  Dependence  of  maximum  transmission  distance  on  carrier  frequency 
for  a  2  Gbit/s  digital  amplitude  shift  keyed  transmission  with  10*9  bit  error  rate. 
Also  shown  arc  some  experimental  results  for  2  Gbit/s  transmission^!]. 
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This  paper  is  concerned  with  recent  developments  related  to  optically  controlled  phased  array  antennas 
operating  in  the  millimeter  wave  range.  The  antenna  consists  of  three  main  elements:  the  central  processing  unit 
(CPU),  the  fiberoptic  (FO)  distribution  system  with  optical  signal  processing  capability,  and  the  planar  array.  The 
antenna  array  is  composed  of  a  large  number  of  distributed  and  independently  powered  transmit/receive  (T/R) 
modules  fabricated  by  monolithic  microwave  integrated  circuit  (MMIC)  techniques.  The  function  of  the  fiber 
optic  distribution  system  is  to  distribute  the  carrier  reference  signals  for  the  frequency  synchronization  of  the  T/R 
modules,  to  transmit  the  appropriate  control  signals  for  beam  forming,  and  to  route  the  information  and  data 
signals. 

The  replacement  of  coaxial  cables  or  waveguides  by  the  fiberoptic  network  reduces  size  and  weight,  and  also 
provides  large  bandwidth,  immunity  to  interference  (EMI  and  EMP),  excellent  crosstalk  isolation,  and  smaller 
transmission  losses,  particularly  at  millimeter  wave  frequencies. 

The  synchronization  of  the  T/R  modules  can  be  achieved  by  placing  a  free  oscillator  (LO)  on  each  T/R  module 
and  injection  locking  it  to  a  reference  signal  transmitted  from  the  master  oscillator  via  a  high  speed  fiberoptic  link. 
Daryoush,  et  al  [1],  have  demonstrated  a  39  GHz  FO  link  that  utilizes  the  fourth  harmonic  of  the  laser  modulation  in 
conjunction  with  the  third  subharmonic  of  the  LO.  This  method  could  be  applied  up  to  60  GHz  with  presently 
available  components. 

The  term  beamforming  applies  to  the  steering  of  the  beam  in  various  directions  and  adjusting  the  beam  shape 
(side  lobe  suppression,  selective  nulling,  etc.)  of  the  phased  array.  This  can  be  performed  by  optically  triggered 
phase  shifters  and  gain  controllers  as  demonstrated  by  Paolella  et  al  [2-3].  He  controlled  the  biasing  circuit  of  an 
amplifier  and  the  control  line  of  a  variable  bit  phase  shifter  by  optical  means.  The  optical  sensing  element  was  a 
multi-finger  MESFET  illuminated  by  an  LED  source.  The  optical  injection  controlled  the  gate  to  source  voltage 
of  the  FET,  which  in  turn  was  used  to  adjust  the  bias  voltage  of  the  gain  amplifier  and/or  the  phase  shifter,  and 

hence  control  of  the  gain  and/or  phase  of  the  module.  This  approach  is  independent  of  the  operating  frequency  of 
the  microwave  components  thus  it  can  be  used  in  the  millimeter  wave  range,  it  is  compatible  with  GaAs  MMIC 
fabrication  processes  and  with  parallel  optical  processing  (spatial  filters). 

In  order  to  use  the  transmitted  signal  for  comr.onication  or  radar  applications,  suitable  modulation  of  the 
carrier  must  be  provided.  In  communication,  an  analog  or  digital  baseband  signal  is  superimposed  on  the  carrier, 
usually  via  AM  or  FM  technique.  There  are  two  broad  categories  of  implementation  possible  for  fiberoptic 
distribution  networks.  The  conventional  FO  configuration  is  referred  to  as  Central  Data  Mixing  (CDM).  In  this 
architecture,  the  FO  link  is  directly  substituted  for  the  coaxial  cable.  The  information  or  data  is  first  upconverted  by 
the  reference  signal  at  the  CPU  level  and  then  transmitted  to  a  remote  element,  such  as  a  T/R  module.  This  puts 
severe  restraints  on  the  laser  since  it  is  expected  to  be  linear  and  free  of  noise  very  close  to  its  relaxation  oscillation 
frequency.  This  results  in  high  attenuation  and  limited  dynamic  range.  To  reduce  the  link  noise  figure  and  thus 
increase  the  dynamic  range,  an  alternate  link  architecture  was  developed  [4].  It  is  noted  that  most  applications 
require  a  relatively  narrow  bandwidth  information/data  signal,  (typically  0.5-1. 0GHz),  modulating  a  high 
frequency  carrier  (10GHz  or  higher).  By  separating  the  information/data  signal  from  the  carrier,  significant 
improvements  can  be  achieved.  This  alternate  configuration,  called  Remote  Data  Mixing  (RDM),  uses  two  FO 
links,  one  for  the  data  and  one  for  the  carrier.  Each  link  can  then  be  independently  optimized. 

The  performance  of  the  two  configurations,  CDM  and  RDM,  were  experimentally  compared  by  Koffman,  et 
al[26].  The  RDM  configuration  proved  superior  in  terms  of  bandwidth,  dynamic  range  and  noise. 
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While  the  progress  in  optical  techniques  applied  to  phased  array  antennas  has  been  very  impressive  it  is  also 
clear  that  more  research  will  be  required  before  large  sca’e  implementation  of  these  ideas  becomes  a  reality.  High 
speed  FO  links  must  be  extended  to  still  higher  frequencies,  their  losses  must  be  reduced  and  their  dynamic  range 
improved.  This  will  require  component  and  subsystem  level  studies.  Optical  beamforming  of  phased  arrays  should 
be  investigated  in  more  detail.  Compatibility  with  established  MM1C  fabrication  and  optical  processing  must  be 
emphasized. 

1 .  A.  Daryoush  et  al.,  "Optical  Control  of  Millimeter  Wave  Phased  Array  Antennas  for  Communications,"  European  Microwave 
Conference  Proc.,  pp.  864-870,  Dublin,  September,  1986. 

2.  Herczfeld,  P.  R-,  Paolella,  A.,  Daryoush,  A.,  Jemison,  W.,  Rosen,  A., "  Phase  and  Gain  Control  of  a  GaAs  MMIC  Transmit- 

Receive  Module  by  Optical  Means  ",  European  Microwave  Conference,  Stockholm,  Sweden,  Sept.  1 1-15,1988 

3.  Herczfeld,  P.  R.,  Paolella,  A.,  "Optical  Gain  Control  of  a  GaAs  MMIC  Transmit-Receive  Module  Compatible  with  Optical  Spatial 

Filters",  IEEE  AP-S  Int.Symp.,  Syracuse,  N.Y.,  June  1988. 

4.  Koffman,  et  al.,  "High  Speed  Fiber  Optic  Links  for  Short-haul  Microwave  Applications,"  1988  IEEE  MTT-S  International 
Symposium  Digest,  pp.  983-986,  New  York,  NY,  May  1988. 
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ABSTRACT 

This  paper  proposes  and  analyzes  a  GaAs  traveling-wave 
optical  modulator  which  uses  a  modulated  coplanar  strip  electrode 
with  periodic  cross-tie  overlay.  This  slow-wave  structure  can  be 
designed  to  satisfy  phase  velocity  and  impedance  matching 
conditions  simultaneously.  The  dominant  conductor  loss  in  the 
slow-wave  structure  is  reduced  using  the  modulated  coplanar  strip 
electrode.  The  calculated  modulation  bandwidth  is  much  wider 
than  those  of  conventional  electrode  structures  which  are  limited 
by  phase  velocity  mismatch. 

INTRODUCTION 

In  the  design  of  a  traveling-wave  electro-optic  modulator 
phase  velocity  matching  between  modulaton  and  light  waves  is  an 
essential  task  because  the  upper  frequency  limit  is  limited  by  the 
inverse  of  the  transit  time  difference  of  the  two  waves[l].  If  the 
optical  and  modulation  wave  velocities  are  equal,  the  electro-optic 
modulator  would  offer  the  potential  of  a  very  wide  modulation 
bandwidth.  However,  conventional  coplanar  traveling-wave 
electrodes  on  semiconductor  materials  cannot  be  designed  to 
achieve  this  phase  velocity  matching  because  the  phase  velocity  of 
the  modulation  wave  is  in  all  cases  higher  than  that  of  the  light 
wave  due  to  the  field  in  the  air  side  of  the  electrodes.  In  a  previous 
slow-wave  structure  on  GaAs  substrate  using  a  coplanar 
waveguide  electrode  with  periodic  cross-tie  overlay[2],  the 
velocity  and  impedance  matchings  have  been  successfully  satisfied 
over  a  very  wide  bandwidth  by  reducing  the  phase  velocity  of  the 
modulation  wave.  However,  the  dominant  conductor  loss  of  the 
structure  is  relatively  high  and  it  limits  the  modulation  bandwidth. 

In  this  paper  we  propose  and  analyze  a  GaAs  traveling-wave 
optical  modulator  using  a  modulated  coplanar  strip  electrode  with 
periodic  cross-tie  overlay.  The  strip  width  is  periodically 
modulated  in  order  to  reduce  conductor  loss  while  satisfying  the 
both  matching  conditions.  The  calculated  3dB  bandwidth  and 
modulation  voltage  are  100  GHz  and  23  V,  respectively,  for  4mm 
long  modulator  at  1.3  pm  light  wavelength.  And  the  modulation 
characteristic  slowly  varies  over  the  bandwidth  because  the  phase 
velocity  matching  is  satisfied. 

STRUCTURE  AND  ANALYSIS 

The  proposed  optical  modulator  shown  in  Fig.l  is 
constructed  with  a  coplanar  strip  slow-wave  electrode  on  a  GaAs 
ridge  optical  waveguide.  The  slow-wave  electrode  consists  of  an 
infinite  array  of  a  more  capacitive  Section  A(with  overlay)  and  a 


more  inductive  Section  Bfwithout  overlay)  based  on  a  modulated 
coplanar  strip.  Since  the  period  chosen  is  much  smaller  than  the 
propagation  wavelength,  this  structure  behaves  as  a  uniform 
transmission  line.  In  this  structure,  we  can  increase  the  effective 
capacitance(C)  and  inductance(L)  of  this  transmission  line 
independently  by  a  spatial  separation  of  electric  and  magnetic 
energies  into  two  different  sections.  Therefore,  the  propagation 
constant!  (5 ),  which  is  proportional  to  VLC,  can  be  increased 
above  that  of  common  coplanar  strip.  In  order  to  reduce  dominant 
conductor  loss  the  strip  width  is  periodically  modulated  because 
wider  strip  width  of  the  Section  A  results  lower  conductor  loss  for 
a  given  capacitance  and  strip  gap.  The  both  ends  of  the  siow-wave 
electrode  are  extended  and  connected  to  coaxial  lines  through 
intermediate  microstrip  lines  for  wideband  feeding  and 
termination^].  The  GaAs  ridge  optical  waveguide  can  be  easily 
formed  on  thick  (100)  semi-insulating  GaAs  substrate  using 
epitaxial  and  mesa  etching  techniques.  Optical  and  modulation 
waves  propagate  along  <01I>  direction  and  the  modulation  field  is 
in  <01 1>  direction  for  the  highest  electro-optic  effect.  Silicon 
nitride  layer  insulates  the  cross-tic  overlays  from  the  strip 
electrode. 

Numerical  analysis  of  the  slow-wave  electrode  has  been 
carried  out  by  quasi-static  analysis  of  each  section  and  by  an 
application  of  Floquet's  theorem  to  the  periodic  array[2].  The 
dominant  conductor  losses  of  the  two  sections  are  calculated  using 
incremental  inductance  formula(4].  Overall  complex  propagation 
constant  including  loss,  and  characteristic  impedance  of  the 
periodic  array  are  approximately  proportional  to  the  ratio  and  the 
product  of  the  characteristic  impedances  of  the  two  sections, 
rcspcctively[2].  This  property  can  be  used  very  effectively  to 
achieve  the  simultaneous  matching  of  the  phase  velocity  and  the 
impedance,  which  is  required  in  the  optimum  electrode  design  of 
traveling-wave  optical  modulators.  Furthermore,  since  this  slow- 
wave  structure  is  almost  dispersionless  due  to  the  uniform 
transmission  line  behavior,  the  structure  is  very  useful  for  the 
design  of  wideband  traveling-wave  optical  modulators.  The  GaAs 
ridge  optical  waveguide  is  analyzed  for  a  sL.gle  TEo-like  mode 
propagation  using  effective  index  method.  The  mode  size  of  the 
ridge  waveguide  is  designed  for  good  coupling  to  single  mode 
fiber.  Since  the  mode  is  not  intrinsically  leaky,  the  optical 
propagation  loss  is  very  small  compared  to  the  coupling  loss. 

CALCULATED  BANDWIDTH  AND  MODULATION 
VOLTAGE 
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The  effective  index,  attenuation  constant  and  characteristic 
impedance  of  the  slow-wave  structure  are  shown  in  Fig.  2  for  the 
case  of  maximum  figure-of-merit  which  is  defined  by  bandwidth 
divided  by  modulation  voltage.  From  this  figure  it  can  be  seen  that 
this  slow-wave  optical  modulator  has  a  very  wide  bandwidth  for 
simultaneous  phase  velocity  and  impedance  matching.  However, 
the  attenuation  constant  is  much  larger  than  those  of  conventional 
structures.  Therefore,  the  modulation  characteristics  are  limited  not 
by  phase  velocity  mismatch  but  by  attenuation.  In  a  4mm  long 
GaAs  traveling-wave  modulator  using  a  conventional  coplanar 
electrode[5],  the  modulation  reduction  factor(2][6]  shown  in  Fig. 
3  descends  steeply  over  the  3dB  bandwidth(30  GHz)  because  of 
its  sync  function  behavior  due  to  the  phase  velocity  mismatch. 
However,  for  the  same  device  length  at  1.3  pm  light  wavelength 
this  slow-wave  structure  has  much  wider  bandwidth(KK)  GHz) 
and  the  modulation  reduction  factor  even  varies  slowly  over  the 
3dB  frequency.  This  characteristic  is  more  significant  at  high 
frequencies  and  for  a  long  modulator  length. 

Although  the  calculated  Vrt  (23  V)  is  a  little  larger  than  that 
of  the  conventional  electrode  structure  (20  V)  due  to  the  low  field 
overlap  between  modulation  and  optical  waves  in  section  A,  the 
figure-of-merit  (4  GHz/V)  is  much  higher  than  that  of  the 
conventional  structure(1.5  GHz/V). 

CONCLUSIONS 

In  this  paper  we  proposed  and  analyzed  a  GaAs  traveling- 
wave  optical  modulator  using  a  modulated  coplanar  strip  electrode 
with  periodic  cross-tie  overlay.  The  dominant  conductor  loss  in 
the  slow-wave  structure  is  reduced  using  the  modulated  coplanar 
strip  electrode.. The  calculated  modulation  bandwidth  of  the 
velocity-matched  slow-wave  structure  is  much  wider  than  those  of 
conventional  electrode  structures  which  are  limited  by  phase 
velocity  mismatch. 
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Fig.  1b  •  (011)  Face  Cross-Section 


Fig.  2  -  Dispersion,  Attenuation  and  Chr.  Impedance 
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Fig.  3  -  Modulation  Reduction  Factor 


Fig.  la  -  Top-View 
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ABSTRACT 

The  complexity  usually  associated  with  scanning 
arrays  at  millimeter  wavelengths  produces  fabrication 
difficulties,  so  that  alternative  methods  are  needed  that 
employ  simpler  structures.  This  paper  describes  such  an 
alternative  scanning  approach,  and  presents  a  group  of 
new  and  simpler  radiating  structures  suitable  for  millimeter- 
wave  applications. 

INTRODUCTION 

The  new  class  of  scanning  arrays  described  in  this 
paper  achieves  scanning  in  two  dimensions  by  creating  a 
one-dimensional  array  of  leaky-wave  line-source  antennas. 
The  individual  line  sources  are  fed  from  one  end  and  are 
scanned  in  elevation  by  electronic  means  or  by  varying  the 
frequency.  Scanning  in  the  cross  plane,  and  therefore  in 
azimuth,  is  produced  by  phase  shifters  arranged  in  the  feed 
structure  of  the  one-dimensional  array  of  line  sources. 

Within  the  sector  of  space  over  which  the  arrays  can 
be  scanned,  the  radiation  has  negligible  cross  polarization, 
no  blind  spots  and  no  grating  lobes.  These  are  significant, 
and  also  unusual,  advantages.  The  novel  features  in  the 
study  reported  here  relate  mainly  to  the  new  structures 
employed  for  the  individual  leaky-wave  line  sources  and 
their  combination  into  arrays,  but  also  to  analyses  of  the 
interactive  effects  produced  when  scanning  occurs  in  both 
planes  simultaneously. 

The  analyses  of  the  various  antenna  structures  are 
believed  to  be  accurate,  and  for  most  of  the  antennas  they 
are  notable  for  resulting  in  transverse  equivalent  networks 
in  which  all  the  elements  are  in  closed  form,  so  that  the 
dispersion  relations  for  the  propagation  properties  of  the 
leaky-wave  structures  are  also  in  closed  form.  It  should  be 
added  that  for  all  the  array  structures  the  analyses  take  all 
mutual  coupling  effects  into  account. 

Although  these  studies  are  predominantly  theoretical 
in  nature,  sets  of  careful  measurements  were  made  for  two 
of  the  novel  leaky-wave  line-source  antennas:  the 
foreshortened  NRD  guide  structure  and  the  offset-groove- 
guide  antenna.  The  agreement  with  the  theoretical 
calculations  was  excellent  in  both  cases. 

In  this  paper,  seven  different  novel  antennas  are 
described,  of  which  four  are  leaky-wave  line  sources  that 
scan  in  elevation,  and  three  are  arrays  that  scan  in  two 
dimensions.  They  represent  examples  of  the  new  class  of 
scannable  antennas  that  are  simple  in  configuration  and 
suitable  for  millimeter  wavelengths. 


This  study  has  been  extensive  in  scope,  and  it  has 
involved  collaboration  with  colleagues  in  Italy  and  Japan, 
as  well  as  students  and  colleagues  at  Polytechnic 
University.  The  principal  (senior)  colleagues  are  Prof. 
Paolo  Lampariello  of  the  University  of  Rome,  Italy,  and  Prof. 
Hiroshi  Shigesawa  of  Doshisha  University,  Kyoto,  Japan. 
Performance  results  for  some  of  these  antennas  have  been 
presented  at  recent  symposia,  but  all  of  the  details  will  be 
issued  soon  in  the  form  of  a  comprehensive  report  entitled 
"Scannable  Millimeter  Wave  Arrays,"  to  be  issued  by  RADC 
at  Hanscom  Field,  MA,  the  sponsor  of  this  study,  as  the 
Final  Report  on  Contract  No.  F19628-84-K-0025. 

LEAKY-WAVE  LINE-SOURCE  ANTENNAS 

A  leaky-wave  line-source  antenna  is  basically  an 
open  waveguide  possessing  a  mechanism  that  permits  a 
slow  leakage  of  power  along  the  length  of  the  waveguide. 
This  slow  leakage  is  characterized  by  a  phase  constant  p 
and  a  leakage  constant  o,  whose  knowledge  immediately 
yields  the  angle  of  the  radiated  beam  and  the  beam  width. 

Leaky-wave  antennas  for  the  millimeter-wave  range 
face  two  main  problems.  The  first  relates  to  the  small 
wavelengths  involved,  which  require  small  waveguide 
dimensions  and  pose  fabrication  difficulties.  The  second 
problem  is  higher  metal  loss;  for  antennas  that  are  many 
wavelengths  long,  the  leakage  (which  results  in  radiation) 
may  compete  with  the  intrinsic  waveguide  loss,  and  the 
antenna  design  can  be  adversely  affected.  We  overcome 
the  first  of  these  problems  by  considering  leaky-wave 
structures  with  longitudinally  continuous  apertures,  and  the 
second  by  basing  the  antennas  on  low-loss  waveguides. 
Of  the  possible  low-loss  waveguides  that  have  been 
proposed  over  the  years,  we  have  selected  two  on  which  to 
base  ojr  new  leaky-wave  antennas:  the  groove  guide  and 
the  nonradiative  dielectric  (NRD)  guide. 

Several  different  mechanisms  have  been  introduced 
to  produce  the  necessary  leakage  from  a  waveguiding 
structure  whose  dominant  mode  is  purely  bound.  These 
mechanisms  include  asymmetry,  foreshortening  of  the 
structure's  cross  section,  and  the  use  of  leaky  higher 
modes.  Of  the  four  line-source  antennas  described  here, 
one  uses  the  foreshortening  technique,  one  is  based  on 
leaky  higher  modes,  and  two  employ  asymmetry. 

The  two  leaky-wave  antennas  based  on  NRD  guide 
are  shown  in  Figs.  1  and  2,  whereas  the  groove  guide 
antennas  are  indicated  in  Figs.  3  and  4.  The  radiation 
properties  of  these  line-source  antennas,  and  the  physical 
principles  that  underlie  the  leakage  mechanisms,  will  be 
described  in  the  talk. 
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TWO-DIMENSIONAL  SCANNING  ARRAYS 

The  two-dimensional  arrays  are  comprised  of  linear 
arrays  of  leaky-wave  line  sources,  which  themselves  yield 
scannable  narrow  beams  in  elevation  in  the  longitudinal 
plane,  with  wide  fan  beams  in  the  cross  plane.  When  these 
line  sources  are  arranged  parallel  to  each  other  in  an  array, 
the  array  can  then  produce  a  pencil  beam  scannable  in  two 
dimensions  within  a  specified  region  of  space.  Scanning  in 
the  cross  plane  in  phased-array  fashion  is  achieved  by 
placing  a  given  phase  shift  between  successive  line 
sources.  This  mode  of  operation  is  common  to  all  three  of 
the  arrays  discussed  here. 

The  analyses  for  all  of  the  arrays  employ  a  unit  cell 
for  the  external  periodic  environment,  in  which  phase-shift 
walls  take  into  account  the  effects  of  scan  in  the  cross 
plane.  The  individual  line  sources  are  analyzed  using  a 
transverse  equivalent  network,  in  which  the  radiating  open 
end  is  representative  of  the  environment  of  a  single  lone 
line  source.  In  the  two-dimensional  array,  the  environment 
of  the  line  source  is  very  different,  and  the  unit  cell  now 
becomes  the  termination  on  the  transverse  equivalent 
network.  The  unit  cell  termination  changes  with  scan  and 
automatically  takes  into  account  all  mutual  coupling  effects; 
the  resonances  of  the  complete  network  reveal  the  array 
performance  as  a  function  of  scan  angle  in  both  scan 
planes. 

The  first  of  the  three  array  structures  is  shown  in  Fig. 
5.  It  is  composed  of  a  series  of  leaky  NRD  guides  of  the 
type  shown  in  Fig.  2,  where  the  line  sources  provide  the 
elevation  pattern,  and  the  geometry  in  the  plane  shown 
specifies  the  cross-plane  behavior. 

The  other  two  array  structures,  seen  in  Figs.  6  and  7, 
have  a  printed-circuit  form.  Their  printed-circuit  nature 
permits  the  detailed  metal  circuit  to  be  deposited 
lithographically  on  the  dielectric  surface.  The  process  is 
simple  and  can  automatically,  by  employing  an  appropriate 
mask,  accommodate  the  tapering  in  the  aperture 
distribution  required  for  accurate  sidelobe  control.  In  Fig.  6, 
the  aperture  is  longitudinally  uniform  (except  for  slight 
tapering  for  sidelobe  control),  whereas  in  Fig.  7  it  is 
periodic.  The  line  source  in  the  former  array  is  essentially  a 
printed-circuit  version  of  the  offset-groove-guide  leaky-wave 
antenna  shown  in  Fig.  4.  For  the  latter  array,  the  dominant 
mode  is  chosen  to  be  slow,  so  that  it  is  purely  bound;  the 
period  is  then  selected  relative  to  the  wavelength  so  that 
only  the  n=-1  space  harmonic  becomes  radiating.  As  a 
result,  the  array  provides  greater  scan  coverage,  since  the 
uniform-aperture  structures  can  scan  oniy  in  the  forward 
quadrant,  but  the  n=-1  beam  can  scan  over  the  complete 
backward  quadrant  and  part  or  all  of  the  forward  quadrant, 
depending  on  the  parameters. 

In  all  three  arrays,  scanning  in  the  cross  plane 
causes  the  beam  to  undergo  conical  scan,  with  the  beam 
finally  hitting  the  ground.  A  feature  common  to  all  the  arrays 
is  the  presence  of  the  set  of  parallel  baffles,  which  serve  two 
purposes.  First,  they  produce  a  region  of  below-cutoff 
parallel-plate  guide  to  eliminate  the  vertically  polarized  field 
and  thus  produce  essentially  pure  horizontally  polarized 
radiation.  Second,  they  eliminate  the  possibility  of  blind 
spots,  which  are  angles  at  which  the  antenna  cannot 
radiate  or  receive  any  power.  The  baffle  spacings  are  also 
chosen  so  that  no  grating  lobes  are  present. 


Fig.  1 :  The  basic  NRD  guide  (left)  and  the 
foreshortened-top  leaky-wave 
antenna  based  on  it. 


Fig.  2:  The  asymmetric  leaky-wave 
NRD  guide  antenna. 


Fig.  3:  The  L-shaped  leaky-wave 
antenna,  based  on  the 
groove  guide. 


Fig.  4:  The  offset-groove-guide 
leaky-wave  antenna. 


Fig.  5:  Linear  phased  array  of  parallel  NRD  guide 
leaky-wave  line  sources  of  the  type  in  Fig,  2. 
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Fig.  6:  Linear  phased  array  in  which  the  line  source  is 
a  printed-circuit  version  of  the  antenna  in  Fig.  4. 
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Fig.  7: 


Linear  phased  array 
of  longitudinally 
periodic  line  sources 
to  provide  greater 
scan  coverage. 
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ABSTRACT 

Recent  developments  in  microwave/millimeter-wave  solid- 
state  devices  and  integrated  circuits  have  made  it  possible  to 
integra  '  the  active  sources  directly  with  planar  antennas.  The 
circuits  1  ive  advantages  of  low  cost,  small  size  and  monolithic 
implementation.  This  paper  summarizes  the  recent  results, 
potential  applications  and  future  trends  of  active  antenna  ele¬ 
ments. 

INTRODUCTION 

Mounting  an  active  device  on  a  planar  antenna  to  form  an 
active  antenna  could  be  very  challenging  for  both  experimen¬ 
talists  and  theoreticians.  Recent  advances  in  planar  integrated 
circuit  antennas  and  solid-state  sources  have  made  it  possible 
to  integrate  the  source  directly  on  the  antenna.  The  active 
antenna  element  can  be  used  as  a  low  cost  transmitter. 

Many  of  these  elements  can  be  combined  to  form  a  spatial 
power  combiner  or  a  quasi-optical  power  combiner.  Recent  ac¬ 
tivities  in  microwave  and  millimeter-wave  have  created  an  ur¬ 
gent  need  for  high  power  solid-state  transmitters.  Compared 
with  tubes,  solid-state  devices  offer  the  potential  for  orders- 
of-magnitude  improvement  in  reliability  and  reduction  in  size, 
weight,  and  power  supply  requirements.  The  output  power 
from  a  single  solid-state  device  is  limited  by  fundamental  ther¬ 
mal  and  impedance  problems.  To  meet  the  high  power  require¬ 
ments  for  many  applications,  it  is  necessary  to  combine  many 
devices  to  achieve  high  power  levels. 

Many  power  combining  approaches  have  been  demonstrated 
in  microwave  and  millimeter-wave  frequency  range  in  the  past 
two  decades.  A  review  can  be  found  in  references  1  and  2 
(1,2).  Most  of  these  techniques  are  to  combine  the  power  for 
N  individual  devices  in  the  circuit  level.  However,  these  con¬ 
ventional  combining  techniques  have  serious  limitations  due  to 
the  moding  and  size  problems.  Consequently,  the  maximum 
number  of  devices  that  can  be  combined  is  limited.  To  over¬ 
come  these  problems,  spatial  or  quasi-optical  combiners  were 
recently  proposed  to  combine  the  power  in  free  space  [2)  or  in  a 
quasi-optical  resonator  [3].  An  active  device  mountea  directly 
on  a  planar  antenna  forms  a  module  for  spatial  or  quasi-optical 
combiner.  Figure  1  shows  a  possible  arrangement  for  spatial 
combiner.  In  order  to  achieve  coherency  and  effective  combin¬ 
ing  in  free  space  the  modules  will  be  injection  locked  to  each 
other  through  mutual  coupling  or  through  an  external  mas¬ 
ter  source.  Injection  locking  is  not  necessary  if  a  Fabry-Perot 
resonator  is  used. 

The  single  element  active  antennas  should  have  applica¬ 
tions  in  low  cost  electronic  warfare  decoys.  Since  the  oscillat¬ 
ing  frequency  is  electronically  tunable  through  bias  or  varator 
tuning,  the  active  antennas  should  also  be  useful  for  commu¬ 
nication  and  radar  systems.  The  power  combiners  will  have 
applications  in  radar  and  communication  systems. 

RECENT  DEVELOPMENTS  AND  RESULTS 

Thomas  et.  al.  (4)  reported  a  Gunn  source  integrated  with  a 
rectangular  patch  antenna  at  X-band.  Perkin  (5]  used  a  circular 
patch  antenna  integrated  with  an  IMPATT  diode.  Injection¬ 
locking  through  free  space  was  also  demonstrated.  Hummer 


and  Chang  (6,7)  reported  both  the  single  element  active  an¬ 
tenna  and  two-element  array.  The  circuits  are  shown  in  Figure 
2.  Gunn  diodes  and  patch  antennas  were  used  for  circuit  con¬ 
struction.  By  varying  the  bias,  over  9  percent  electronic  tuning 
range  has  been  achieved  at  X-band  for  a  single  active  patch  el¬ 
ement  [7].  Injection-locked  experiments  were  carried  out  to 
achieve  frequency  coherency  and  to  calculate  the  Q-factor  us¬ 
ing  either  mutual  coupling  or  an  external  source.  With  two- 
element  array,  a  power  combining  efficiency  of  over  90  percent 
has  been  achieved.  The  measured  pattern  for  a  two-  element 
array  is  shown  in  Figure  3.  Also  shown  sire  the  patterns  with 
either  antenna  “off”.  It  can  be  seen  that  when  both  antennas 
are  “on”,  the  beamwidth  is  narrower  and  the  gain  is  higher. 
Recently,  Stephan  and  Young  have  studied  the  effects  of  the 
separation  between  the  two  antennas  for  two  active  antenna 
elements  (8).  Monolithic  millimeter- wave  IMPATT  oscillators 
and  active  antennas  were  demonstrated  at  43  GHz  (9).  Active 
antenna  elements  using  FETs  have  also  been  developed  (10). 

Power  combining  using  two  active  antenna  elements  and  an 
open  resonator  was  also  reported  at  10  GHz  using  Gunn  diodes 
(11).  A  modified  Fabry-Perot  resonator  was  used  to  stabilize 
the  circuit  and  to  combine  the  power. 

CONCLUSIONS 

Microwave/millimeter- wave  integrated  circuit  active  antenna 
elements  used  for  low  cost  transmitters  and  power  combiners 
have  been  developed  in  the  past  few  years.  Developments  and 
results  are  summarized  and  applications  are  discussed  in  this 
paper. 
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Figure  2.  Single  and  two-element  active  antenna  elements  with 
devices  mounted  directly  on  antennas. 
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Figure  3.  Measured  power  pattern  for  a  two-element  array. 


Figure  1.  Spatial  power  combiner 
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ABSTRACT 

We  are  developing  antenna  arrays  as  detectors 
for  millimeter-wave  imaging.  The  antenna  is  a  reso¬ 
nant  dipole  [1]  with  a  director  in  a  dielectric 
lens.  Our  goal  is  to  measure  the  plasma  density  of 
the  TSUKUBA  GAMMA- 10  plasma  machine. 


INTRODUCTION 

Recently  millimeter-wave  imaging  is  becoming 
increasingly  important  in  plasma  diagnostics,  re¬ 
mote  sensing,  radiometry,  astronomy  and  radar.  In 
the  plasma  diagnostics,  we  have  been  measuring  the 
plasma  density  of  TSUKUBA  GAMMA-10  plasma  machine 
in  collaboration  with  several  university  insti¬ 
tutes.  We  have  measured  a  low-density  plasma  with  a 
70  GHz  imaging  system  constructed  with  a  bow-tie 
antenna  array  [2,3]  and  beam-lead  GaAs  Schottky 
diode  detectors.  In  order  to  improve  the  efficiency 
of  the  system,  we  have  designed  a  Yagi-Uda  antenna 
array  with  Schottky  diode  detectors  on  a  dielectric 
hemisphere  (Fig.l). 


IMAGING  ARRAY 

The  hemispherical  lens  is  made  of  TPX  of 
er=2. 13.  The  antenna  can  be  easily  fabricated  as 
part  of  a  monolithic  integrated-circuit  by  a  normal 
photolithography.  The  radiator  and  the  director  are 
on  both  sides  of  the  substrate  (3M  Cu-Ciad  217, 
er=2. 17,  with  a  thickness  of  0.0975A<j).  The  element 
length  of  the  radiator  is  0.496Ae,  and  the  director 
is  0.435A<j.  Here  A<j  is  the  wavelength  in  the  die¬ 
lectric  and  Ae=((l+£r)/2]‘1'2A0,  A0  is  the  wave¬ 
length  in  a  free  space.  A  beam-lead  GaAs  Schottky 
diode  (Sanyo  Electric  Co.  Ltd.,  SBL-221)  is  bonded 
to  the  center  of  the  radiator  element.  The  optical 
configuration  is  a  "reverse-microscope1'  design 
developed  by  Rutledge  in  1982  (2).  This  configura¬ 
tion  has  planar  monolithic  receptor  array  attached 
to  the  lens,  and  has  other  attractive  properties; 
little  spherical  aberration  or  coma,  and  high  reso¬ 
lution  owing  to  the  low  f-number.  in  addition,  the 
troublesome  effects  of  substrate  surface  waves  can 
be  effectively  eliminated.  The  system  has  proved  to 
be  efficient  and  having  diffraction-limited  resolu¬ 
tion. 


MEASUREMENTS  AND  DISCUSSIONS 

Fig.2  shows  the  measured  radiation  patterns  of 
single  element  comparing  with  a  dipole  on  the  die¬ 
lectric  hemisphere.  We  can  note  that  patterns  are 
much  improved;  the  central  dip  in  the  H-plane  has 
disappeared,  and  the  beam  shapes  of  both  planes  are 
close  to  a  (cosGjG-shape.  The  3  dB  beam  widths  are 


63  degrees  in  the  E-plane  and  90  degrees  in  the  H- 
plane.  The  gain  is  increased  5.9  dB  up  at  normal 
incidence. 

As  to  the  mutual  coupling  [4]  in  the  linear 
array,  we  have  measured  5  GHz  model  of  polyethylene 
substrate  (er=2.32)  with  a  metal  image  plane  [5]  by 
using  an  HP-85 10A  network  analyzer.  The  coupling  is 
more  than  30  dB  down  for  antenna  spacing  of  l.OOA^, 
indicating  that  the  effect  of  the  mutual  coupling 
should  be  neglected. 

The  lens-coupled  arrays  have  a  serious  require¬ 
ment  of  the  matching  of  the  antenna  pattern  to  the 
beam  incident  angle  at  the  array.  The  incident 
angle  varies  as  a  function  of  the  position  on  the 
array,  with  the  largest  angle  at  the  edges.  This 
can  be  a  particular  problem  if  the  diameter  of 
substrate  lens  is  small.  We  have  solved  this  prob¬ 
lem  by  fabricating  a  "shifted-director  Yagi-Uda 
antenna"  (Fig. 3).  The  director  is  displaced  along 
the  element  axis  for  a  distance  D,  in  order  to 
shift  the  beam  direction.  Fig.4  shows  the  measured 
shifted  beam  directions.  The  maximum  is  13  degrees 
for  D=0.25A<j.  Both  the  power  gain  and  the  resonant 
frequency  cf  the  antenna  also  change  (Fig.5,  Fig. 
6).  The  power  gain  is  not  degraded  more  than  3  dB 
when  D  is  smaller  than  0.3A.J.  The  resonant  charac¬ 
teristics  were  measured  on  5  GHz  models  with  a 
network  analyzer.  The  resonant  frequency  is  10-20% 
higher  when  D  is  larger  than  0.2AJ.  Because  the 
band-width  of  this  Yagi-Uda  antenna  is  9%,  we  need 
to  correct  the  antenna  length  when  D  is  larger  than 
about  0.2A<j.  I  can  conclude  from  these  results  that 
it  is  possible  to  shift  the  beam  direction  of  the 
antennas  at  the  edges  of  the  array,  more  than  10 
degrees  by  shifting  the  director  without  gain  loss¬ 
es  or  antenna  length  corrections. 


CONCLUSION 

A  Yagi-Uda  antenna  with  a  Schottky  diode  detec¬ 
tor  on  the  dielectric  has  been  investigated  as  a 
receptor  element  for  millimeter-wave  imaging.  This 
receptor  has  an  excellent  radiation  pattern  and 
high  gain  with  low  mutual  coupling  in  the  array. 
The  significant  advance  is  a  "Shifted-director 
Yagi-Uda  antenna."  This  antenna  can  compensate  for 
shifts  in  the  incident  beam  direction.  These  linear 
arrays  are  suitable  for  a  substrate-lens-coupled 
monolithic  imaging  system  at  millimeter-wave¬ 
lengths. 


ACKNOWLEDGMENT'S 

The  authors  wish  to  thank  Sanyo  Electric  Co., 
Ltd.  for  kindly  providing  Schottky  diodes,  and 
Fujitsu  TDT  Co.,  Ltd.  for  their  helpful  assistance 
in  these  measurements. 


28 


M3. 3 


REFERENCES 

( 1  ]  K.  Mizuno,  Y.  Daiku  and  S.  Ono,  IEEE  Trans. 
Microwave  Theory  Tech.,  vol.  MTT-25,  pp.  470-472, 
June  1977. 

[2J  D.  B.  Rutledge  and  M.  S.  Muha,  IEEE  Trans.  An¬ 
tennas  Propagat.,  vol.  AP-30,  pp.  535-540,  July  1982. 

[3]  R.  C.  Compton  et  al.,  IEEE  Trans.  Antennas 
Propagat.,  vol.  AP-35,  pp.  622-631,  June  1987. 

[4]  N.  G.  Alexopoulos  and  I.  E.  Rana,  IEEE  Trans. 
Antennas  Propagat.,  vol.  AP-29,  pp.  106-111,  Jan.  1981. 

[5]  H.  Jasik:  Antenna  Engineering  Handbook,  New 
York:  Mc-GrawHill,  1961,  Chapter  34-11. 


Fig.l.  Yagi-Uda  arrays  on  a  substrate  lens. 


Fig. 2.  Antenna  patterns  of  a  single  element  in  a 

dielectric  hemisphere  (er=2.13,  -  dipole,  - 

Yagi-Uda)  at  50  GHz. 


Incident  Radiation 


^igA.  Shifted  beam  direction  of  the  antenna  versus 
director-shifted-length  D  (in  Xj)  in  a  dielectric 
hemisphere  (er=2.13)  at  50  GHz. 


Fig. 5.  Power  gain  of  the  antenna  versus  director- 
shifted-length  D  (In  Xj)  in  the  dielectric  hemi¬ 
sphere  (er=2.13)  at  50  GHz. 


Rig. 6.  Resonant  frequency  of  the  antenna  versus 
director-shifted-length  D  (in  Xj)  in  a  semi¬ 
infinite  dielectric  substrate  (er=2.32)  at  5  GHz. 


Fig.3.  Geometry  of  a  shifted-director  Yagi-Uda 
antenna  with  a  dielectric  substrate. 
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ABSTRACT 

An  Omni-directional  periodic  dielectric 
rod  antenna  operating  in  TMot  mode  is  inves¬ 
tigated.  As  an  eigenvalue  problem,  the  stru¬ 
cture  is  analyzed  theoretically  with  mode 
matching  technique.  The  radiation  characteri¬ 
stics  are  calculated  for  different  parameters 
with  a  particular  attention  directed  to  the 
Brewster  angle  effect  on  the  performaces  of 
the  antenna. 

INTRODUCTION 

Rectangular  and  circular  dielectric  rod 
antennas  have  been  extensively  treated  in  the 
literature.  In  these  kinds  of  antennas,  the 
produce  of  radiation  comes  from  the  perturba¬ 
tion  of  the  surface  waves  by  means  of  tape- 
ring  the  dielectric  rod  progressively.  Howe¬ 
ver,  the  radiation  from  the  antenna  presented 
here  is  caused  by  the  perturbation  of  surface 
waves  on  uniform  dielectric  rod  through  cor¬ 
rugating,  not  tapering,  the  rod  periodically, 
and  the  circular  symmetry  of  the  antenna 
reminds  unchanged.  If  the  structure  is  ex¬ 
cited  by  angularly  uniform  fields,  the  radia¬ 
tion  will  be  angularly  uniform.  It  means  that 
the  antenna  is  omni-directional,  i.e.  the 
radiation  partern  will  be  in  the  shape  of  an 
umbrella,  providing  a  uniform  azimuthal  cove¬ 
rage  of  360° .  Such  an  antenna  is  of  particu¬ 
lar  interest,  because  of  its  slmplisity  in 
geometry  and  ease  for  fabrication.  Hence,  it 
is  very  suitable  for  millimeter  wave  applica¬ 
tions 

The  antenna  operating  in  TEoi  mode  was 
discussed  previously . Cl 3  Here,  starting  with 
solving  eigenvalue  problem,  the  omni-direc¬ 
tional  periodic  rod  antenna  operating  in  TMoi 
mode  is  theoretically  analyzed,  with  a  parti¬ 
cular  attention  directed  to  the  Brewster 
angle  effect  on  the  performances  of  the  ante¬ 
nna.  The  numerical  results  indicate  that  the 
variation  of  leakage  constant  with  the  thic¬ 
kness  of  the  periodic  layer  is  quite  diffe¬ 
rent  between  TE  and  TM  modes.  The  reason  for 
that  is  explained  in  this  paper. 

ANALYSIS  METHOD 

A  circular  dielectric  rod  with  periodic 
corrugations  is  shown  in  Fig.l.  The  structure 
can  be  divided  into  three  regions:  a  uniform 
inner  dielectric  core,  a  circular  layer  of 
periodic  medium,  and  the  outer  free  space. 
The  rod  has  a  relative  dielectric  constant 


the  inner  and  outer  radius  and  the  period 
of  the  ring  are  denoted  by  a,  b,  and  d, 
respectively.  Such  a  structure  may  be  ana¬ 
lyzed  as  a  boundary  value  problem,  whose 
eigenvales  determine  the  radiation  characte¬ 
ristics  of  the  antenna. 

For  using  the  method  of  mode  matching  to 
solve  the  boundary  value  problem,  the  general 
solutions  of  the  electromagnetic  fields  in 
the  three  constituent  regions  are  determined 
first  and  the  fields  are  then  required  to 
satisfy  the  boundary  conditions  at  the  two 
surfaces  of  the  periodic  layer.  Utilizing  the 
general  solutions  of  the  three  constituent 
regions,  a  system  of  homogeneous  linear  equa¬ 
tions  for  the  mode  amplitudes  is  obtained 
according  to  the  boundary  conditions.  The 
existence  of  a  nontrivial  solution  requires 
the  vanish  of  coefficient  determinant.  Such  a 
determlnantal  eqatlon  defines  the  dispersion 
relation,  from  which  the  radiation  characte¬ 
ristics  of  the  antenna  are  determined. 

NUMERICAL  RESULTS 

For  antenna  applications,  one  is  intere¬ 
sted  mostly  in  the  case  of  a  single  beam 
radiation.  Therefore,  the  case  where  only  n=— 
1  space  harmonic  of  TMoi  mode  radiates  into 
free  space  is  investigated.  Fig. 2  shows  the 
variation  of  leakage  constant  c*  with  the 
thickness  of  the  periodic  layer  t  for  TEo» 
and  TMoi  modes,  respectively.  It  can  be  seen 
from  the  figure  that  when  t*0,  the  antenna 
becomes  a  uniform  dielectric  rod  waveguide; 
no  radiation  occurs  because  none  of  perturba¬ 
tion  is  introduced  to  the  structure.  The 
fields  of  a  surface  wave  supported  by  a 
uniform  dielectric  rod  are  evanescent  in  the 
air  region.  The  increase  of  the  thickness  can 
be  viewed  as  adding  more  periodic  material  to 
the  structure.  When  the  thickness  t  is  in¬ 
creased  from  zero,  but  is  not  so  large,  say 
Ott  <  0.125  the  perturbation  is  in  a 
region  with  strong  fields;  its  effect  on 
leakage  constant  increases  rapidly  with  the 
increasing  thickness.  However,  as  the  thic¬ 
kness  t  increases  to  a  large  amount,  for 
instance,  t  >  0.35  >v,  the  additional  material 
appears  in  a  region  whore  the  fields  are 
exponentially  small,  and  would  have  very 
little  effect  on  the  radiation  for  both  TEol 
and  TMoi  modes. 

Fig. 2  shows  that  near  t=0.22x,  complete¬ 
ly  different  radiation  characteristics  of  the 
n=-l  space  harmonic  appear  between  TEoi  and 
TMoi  modes:  The  variation  of  S,  with  t  for 
TEoi  mode  is  flat,  whoreas  it  is  drastically 
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reduced  to  zero  at  point  t=0.225x.,  For  THoi 
■ode.  Such  a  drastic  change  in  radiation  say 
be  interpreted  as  the  Brewster  angle  effect 
of  TM  nodes.  It  is  well  known  that  when  a  TM 
plane  wave  impinges  upon  a  dielectric 
Interface  at  Brewster  angle  from  one  medium 
to  another  medium,  the  wave  passes  into  the 
another  medium  completely  without  reflection. 
Brewster  angle  8^  is  governed  by: 

Qk  =  tan*'  <£,/£»  <1> 

where  £,  and  are  the  dielectric  constants 
in  two  regions,  respectively.  Substituting  £, 
-  £«.  *1.0  and  £*-  £t  =4.0  into  Eq.(l>.  6k 
=26.57*  is  obtained.  On  the  other  hand,  in 
dielectric  periodic  layer,  the  incident  angle 
e..  for  n=— 1  space  harmonic  of  THoi  mode  is 
^determined  by: 

9.,  =  sin*'  C(Kr/Ko)-i  /ill  3  (2) 

where  Kr  is  wavenumber  in  radial  direction, 
Ko  is  wavenumber  in  free  space.  Calculation 
shows  that  (Kr/Ko)-i  =0.9075  for  a=0.35*.  and 
t=0.225X{  then  from  (2)  one  ha::  6-1=26.98*  = 
6k  I*  means  that  in  the  case  of  t=0. 225  7s.  the 
n=-l  space  harmonic  of  TMoi  mode  is  perfectly 
propagating  in  dielectric  periodic  layer. 
Therefore,  the  action  of  tho  periodic  layer 
just  likes  a  cylindric  ring  sleeving  on  a 
dielectric  rod  of  radius  a,  while  the  ring 
has  the  thickness  of  t=0. 2257s. and  approximate 
dielectric  constant  of  £.«*«.=(  £«.+  £c)/2=2.5. 
That  is  to  say,  the  perturbation  of  the  pe¬ 
riodic  layer  to  the  surface  wave  suddenly 
disappears  at  thickness  t=0 .225  x ;  so  the 
is  drastically  reduced  to  zero  at  this  point. 
Such  phenomenon  does  not  happen  to  TEoi  mode, 
because  there  is  no  Brewster  angle  effect  for 
TE  modes. 


Fig.l  Dielectric  rod  antenna  with  periodic 
corrugations 


A  particular  advantage  of  periodic  anten¬ 
nas  is  that  their  radiation  beam  can  be  scan¬ 
ned  electronically  by  changing  frequency. 
We  have  calculated  the  variations  of  ot>  and 
with  the  wavelength,  for  the  antenna  is 
operating  over  a  frequency  range  with  the 
center  wavelength  of  3.3  mm.  The  results  show 
that  for  a  change  in  wavelength  from  3.0  mm 
to  3.6  mm,  the  main  beam  sweeps  almost  linea¬ 
rly  over  an  angular  range  from  15°  to  35*  . 
Besides;  the  leakage  constant  peaks  at  the 
wavelength  of  about  3.3  mm  and  decreases 
almost  syaueterlcally  on  both  sides,  as  the 
wavelength  is  changed.  This  is  very  desirab¬ 
le  characteristic,  because  it  ensures  a  stab¬ 
le  radiation  pattern  with  little  distortion, 
as  the  beam  is  being  scanned. 
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ABSTRACT 

Two-dimensional  horn-antenna  arrays  are  mono¬ 
lithic,  high-efficiencey  imaging  detectors  of  millimeter- 
wave  radiation.  In  this  configuration,  a  dipole  an¬ 
tenna  is  suspended  in  a  pyramidal  horn  on  a  1-pm 
silicon  oxynitride  membrane.  This  approach  leaves 
room  on  the  wafer  for  low-frequency  lines  and  pro¬ 
cessing  electronics.  Antenna  pattern  measurements 
on  single  elements  agree  well  with  theory,  exhibit¬ 
ing  3-dB  beamwidths  of  54°  and  62°  for  the  E  and 
H-planes  respectively.  Horn  aperture  efficiencies 
of  44  ±  4%  have  been  measured  at  93  GHz.  Loss 
processes  include  impedance  mismatch  loss,  due  to 
impedance  mismatch  between  the  antenna  and  the 
detector,  resistive  loss  in  the  horn  sidewalls,  cross¬ 
polarization,  intrinsic  pattern  loss,  and  horn-to-horn 
coupling  loss.  A  system  efficiency  of  24%  has  been 
measured  for  a  lens-coupled  array. 

INTRODUCTION 

Wideband  log-periodic  antennas  and  imaging  arrays  have 
been  integrated  on  membranes  for  millimeter  and  sub- 
millimetcr-wave  applications  [1],  These  imaging  arrays  are 
limited  to  one  dimensional  designs,  because  focal  plane  array 
elements  need  to  be  as  large  as  the  spot  size  of  the  imaging 
optics  to  attain  good  coupling  efficiencies.  This  limits  the 
area  available  for  supporting  electronics.  Arrays  incorpo¬ 
rating  an  antenna  suspended  on  a  membrane  inside  a  horn 
however,  are  not  limited  in  this  manner.  Such  devices  have 
recently  been  shown  to  exhibit  favorable  radiation  patterns, 
as  the  membrane  is  so  thin  compared  to  the  wavelength  that 
the  antenna  effectively  radiates  in  free  space  inside  the  horn 
and  substrate  dielectric  losses  arc  eliminated  (2,3].  Previ¬ 
ous  experiments  were  performed  at  242  GHz  where  -.mite 
power  measurements  are  difficult^].  We  present  here  mea¬ 
surements  on  an  array  designed  for  93  GHz  where  absolute 
power  calibration  can  be  readily  made. 

FABRICATION 

The  horn  antenna  array  is  composed  of  four  stacked 
silicon  wafers.  The  back  two  wafers  act  as  a  reflecting  cavity, 
while  the  front  wafer  forms  the  mouth  of  the  horn.  The 
opening  on  the  front  wafer  defines  the  aperture  size.  The 
thickness  of  the  front  two  wafers  determines  the  position  of 
the  antenna  inside  the  horn.  To  produce  the  membrane,  a 
silicon  oxynitride  film  is  grown  on  the  rear  of  the  second 
wafer  by  plasma  enhanced  chemical  vapor  deposition.  The 
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deposition  conditions  are  adjusted  to  produce  a  film  with  a 
small  residual  tensile  stress.  This  produces  the  best  mem¬ 
branes.  The  tensile  stress  in  the  film  is  determined  from  the 
bending  of  the  wafer,  which  is  measured  with  a  profiling  sty¬ 
lus  [4].  The  wafers  are  patterned  and  etched  in  an  ethylene- 
diamine  pyrocatechol  solution  [5j.  The  etching  process  is 
anisotropic,  and  forms  pyramidal  cavities  bounded  by  the 
<111>  crystal  planes.  These  make  an  angle  of  54.7°  with 
the  <100>  surface  plane.  The  back  wafer  is  etched  until  a 
closed  pyramidal  cavity  is  formed.  The  membrane  wafer  is 
etched  until  the  transparent  membrane  appears.  The  other 
wafers  are  etched  through,  to  form  pyramidal  sided  holes.  A 
silver  antenna  and  a  bismuth  microbolometer  are  then  litho¬ 
graphically  defined  on  the  membrane  surface.  The  pyrami¬ 
dal  cavities  are  gold  coated  and  the  wafers  aligned  and  glued 
together  to  form  the  array  (Figure  1). 


Figure  1.  Perspective  view  of  a  two-dimensional  horn  imag¬ 
ing  array. 

MEASUREMENTS 
A.  Single  Element  Aperture  Efficiency 

The  aperture  efficiency  of  single  elements  of  the  array 
was  determined  by  measuring  the  power  received  by  the 
bolometers  when  the  array  was  illuminated  by  a  plane  wave 
of  known  power  density.  This  was  found  by  recording  the 
voltage  across  the  bolometer  when  the  array  was  illuminated 
with  a  source  of  known  power  and  gain.  The  known  respon- 
sivity  of  the  bolometer  allows  the  aperture  efficiency  to  be 
calculated.  The  horn-aperture  efficiency  was  measured  to 
be  44  ±  4%,  or  -3.6  dB.  This  may  be  compared  to  the  total 
loss  calculated  from  theory,  which  is  -3.4  dB  ]7).  The  gain 
of  an  array  element  is  7.3  ±  0.5  dB. 
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It  is  important  that  the  different  contributions  to  the 
loss  be  determined,  because  this  indicates  the  potential  for 
improvements.  Table  1  gives  the  loss  breakdown.  The 
biggest  loss  is  the  2.2  dB  dipole  mismatch  loss  between  the 
probe  dipole  and  the  bolometer.  This  is  given  by  the  formula 
ARaRh/\Za  +  Rb\2,  where  Ra  is  the  antenna  radiation  resis¬ 
tance  (50  ft),  Rt  is  the  bolometer  resistance  (138  ft),  and  Za 
is  the  antenna  impedance  (54  +  /95  ft).  These  values  were 
determined  from  measurements  made  at  7  GHz  on  a  mi¬ 
crowave  model  of  the  horn  array  which  incorporated  dipole 
antennas  cut  from  thin  copper  sheet.  The  next  biggest  loss  is 
resistive  loss  in  the  horn  sidewalls,  which  is  equal  to  0.7  dB. 
The  sidewalls  of  the  two  wafers  defining  the  back-shorting 
cavity  and  the  front  wafer  defining  the  horn  aperture  were 
gold  coated,  but  the  sidewalls  of  the  membrane-wafer  were 
not.  The  main  contribution  to  the  sidewall  losses  comes 
from  the  membrane  wafer.  It  should  be  possible  to  reduce 
the  mismatch  and  wall  losses,  if  all  the  horn  sidewalls  are 
gold  coated,  and  the  antenna  is  matched.  The  aperture  ef¬ 
ficiency  of  a  1.0  A  square  horn  should  then  be  around  88%. 
Other  minor  losses  include  pattern  losses  due  to  taper  loss, 
loss  due  to  reception  of  the  cross-polarized  component  and 
the  coupling  loss  to  neighbouring  horns. 


intrinsic  pattern  loss 

-0.2  dB 

mismatch  loss 

-2.2  dB 

horn  sidewall  losses 

-0.7  dB 

cross-polarization  loss 

-0.2  dB 

horn-to-horn  coupling  loss 

-0.1  dB 

total  calculated  losses 

-3.4  dB 

total  measured  losses 

-3.6  dB 

Tabie  1.  Horn  aperture-efficiency  losses. 

B.  System  Efficiency 

The  coupling  efficiency  of  a  horn  array  to  an  imaging 
system  is  defined  as  the  power  received  by  a  single  element 
placed  at  the  focal  point  of  the  imaging  system,  divided 
by  the  total  power  transmitted  through  the  primary  lens, 
when  the  lens  is  illuminated  by  a  plane  wave.  The  coupling 
efficiency  of  the  93 -GHz  array  was  measured  for  systems 
of  different  f-numbers  (Figure  2).  We  found  that  24%  of 
the  incident  power  was  absorbed  bv  a  single  detector  for 
an  f-number  of  0.7,  and  14%  for  an  f-number  of  1.1 .  An 
imaging  system  suffers  from  spillover  loss,  in  addition  to 
the  losses  given  in  Table  1.  If  matching  and  sidewall  losses 
were  eliminated,  the  coupling  efficiency  would  be  54%.  This 
agrees  with  the  theoretical  coupling-efficiency  of  60%  (4). 
The  distribution  of  the  power  in  the  focal  plane,  for  a  plane 
wave  incident  normal  to  the  lens,  was  measured  for  these 
lenses.  The  result  for  the  f/0.7  lens  is  shown  in  Figure  3. 
The  lens  Airy  pattern  has  its  first  dark  ring  at  0.61  A  and 
1.22  A  for  the  f/0.7  and  f/1.1  lenses  respectively.  The  center 
element  receives  96%  of  the  total  power  incident  on  the  focal 
plane  for  the  f/0.7  lens,  and  56%  for  the  f/1.1  lens.  An  f/0.7 
optical  system  is  therefore  desirable  for  a  diffraction-limited 
imaging  system. 


F-Number 

4.0  2.0  1,5  1.0  0.8  0.7 


Figure  2.  The  coupling  efficiency  of  a  horn  element.  Mea¬ 
sured  points  are  indicated  by  circles. 
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Figure  3.  The  distribution  of  the  power  in  the  focal  plane 
as  a  percentage  of  the  total  power  incident  on  the  f/0.7  lens. 
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R.L.  Rogers,  D.P.  Neikirk,  H.  Ling,  and  T.  Itoh 
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Introduction: 

Electrically  thick  layered  substrates  using  the  resonant 
structures  discussed  in  [2-4]  offer  the  advantage  of  providing 
simple  and  efficient  support  for  millimeter  wave  printed  circuit 
antennas.  They  can  also  produce  desirable  beam  patterns  through 
the  proper  choice  of  dielectrics.  There  has  been  theoretical  study  of 
these  layered  structures  [2-4],  but  experimental  investigation  has 
been  limited.  Also,  the  primaty  focus  has  been  on  the  use  of  dipole 
antennas  with  these  structures,  while  slot  antennas  have  received 
little  attention.  Here  we  give  results  for  efficiency  calculations  for 
both  slots  and  dipoles,  and  experimental  pattern  measurements  for 
slots  on  layered  substrates  which  show  that  they  can  produce 
desirable  beam  patterns  with  high  front-to-back  ratio.  We  find  good 
agreement  between  theory  and  10GHz  modeling  experiments. 


Analysis: 

The  general  substrate  configurations  studied  here  are  shown 
in  Fig.  1.  For  a  dipole  antenna  (Fig.  la)  the  dipole  is  placed  on  a 
grounded  substrate  (layer  1),  and  then  covered  by  a  "superstrate" 
(layers  2  through  N).  In  contrast,  the  slot  (Fig.  lb)  is  a  simple 
aperture  in  the  ground  plane  on  the  back  of  layer  1.  Each  layer  is  a 
quarter  of  a  dielectric  wavelength  thick.  The  efficiency  of  the 
structures  shown  in  Fig.  1  are  calculated  using  the  definition: 


tl  = 


rad 


P  +  P  +  P 

r*d  $w  r  backside 


where  Prad  is  the  total  integrated  power  radiated  through  the 
dielectric  to  air,  Psw  is  the  total  integrated  power  coupled  to  guided 
(surface)  waves,  and  Pbacksidc  is  the  total  integrated  power  radiated 
directly  to  air  for  the  slots.  The  calculation  of  these  quantities,  as 
well  as  the  beam  patterns,  uses  the  techniques  described  in 
[1],[4],[5].  In  this  paper,  the  dielectric  structures  for  the  slot  and 
dipole  antennas  are  the  same. 


Experiment: 

To  test  the  validity  of  the  calculated  beam  patterns  for  these 
layered  structures  measurements  were  made  at  10GHz.  To 
construct  a  layered  substrate  Emerson  and  Cumming  Stycast  Hi-K 
dielectric  and  polyethylene  sheets  were  used.  The  dielectrics  were 
all  machined  to  bis  nominally  a  quarter  of  a  dielectric  wavelength 
thick  at  10GHz.  The  ground  plane  was  made  by  placing  strips  of 
3M  copper  foil  tape  on  the  back  surface  of  the  first  layer  of  the 
substrate.  Additional  layers  were  then  added  as  desired.  The 
detectors  used  were  zero-bias  Schottky  diodes  made  by  MACOM. 
The  detector,  -vere  soldered  across  the  slot  antenna.  A  motorized 
azimuth-elevation  antenna  positioner  was  used  to  hold  and  move 
the  antenna.  The  ground  plane  was  fairly  small,  being  only  3.3 
free  space  wavelengths  on  a  side;  consequently,  there  were  some 
problems  with  finite  ground-plane  effects  for  E-plane 
measurements.  Most  of  the  H-plane  patterns,  however,  did  not 
show  such  effects 


Results* 

Measured  and  calculated  H-plane  beam  patterns  for  a  three 
dielectric  layer  substrate  are  shown  in  Figs.  2  and  3.  For  Fig.  2, 
the  dielectrics  used  for  layers  1  and  2  give  £i=£2=4,  and  for  layer  3 
gives  £3=13;  thus  the  slot  is  effectively  on  a  X<j/2  thick.  Er=4  layer, 
followed  by  a  X<j/4  thick,  £r=13  layer.  The  losses  in  the  dielectric 
and  ground  plane  have  been  included  to  calculate  the  beam  pattens, 
although  these  effects  are  quite  small.  The  agreement  between 
theory  and  experiment  clearly  shows  that  the  patterns  are  dominated 
by  the  dielectric.  The  calculated  efficiency  of  a  single  slot  on  this 
structure  assuming  lossless  dielectrics  would  be  about  45%.  If 
twin  slots  are  employed  in  a  manner  similar  to  that  described  in  [5] 


the  efficiency  can  be  increased  to  about  72%.  The  calculated 
efficiency  of  a  single  dipole  placed  between  layers  1  and  2  would 
be  79%,  while  broadside  twin  dipoles  would  give  85%  [5]. 
Measurements  and  calculations  with  twin  slot  antennas  show  no 
appreciable  difference  in  the  beam  pattern  compared  to  a  single 
element  slot  Our  calculations  show  that  the  beam  patterns  for  slots 
and  dipoles  are  nearly  identical,  which  is  true  for  all  of  the 
structures  considered  here. 

Figure  3  shows  the  measured  and  calculated  pattern  for  a 
three  layer  structure  with  ei=13,  £2=2.4  and,  £3=13.  Again  we  see 
that  the  agreement  is  fairly  good.  Because  this  three  layer  stack  is 
more  resonant  than  the  three  layer  structure  discussed  above,  the 
beam  pattern  is  slightly  narrower.  The  calculated  efficiency  of  a 
single  slot  on  this  structure  is  about  32%,  while  a  twin  slot 
configuration  [5]  would  give  of  77%.  The  single  dipole  would 
have  an  efficiency  of  46%,  and  broadside  twin  dipoles,  61%.  Here 
the  measured  front-to-back  ratio  for  the  single  slot  is  36,  with  a 
predicted  value  of  70.  This  discrepancy  is  probably  due  to  the 
fairly  large  detector  diode  on  the  backside  of  the  substrate. 

Figure  4  shows  the  measured  and  calculated  H-plane 

patterns  for  a  five  layer  structure  with  Ei=4,  £2=2.4,  £3=13,  £4=4, 

and  £5=13.  Here  the  beam  pattern  is  much  narrower  than  for  the 
three  layer  cases.  We  also  have  measured  a  front-to-back  ratio  that 
is  close  to  the  value  predicted  by  theory:  66  measured,  70 
calculated.  The  E-plane  pattern  (not  shown)  is  identical  to  the  H- 
plane  pattern  and  agrees  with  experiment  equally  well.  In  this  case 
the  lobes  due  to  finite  ground  plane  effects  are  conspicuously 
absent  from  the  measured  E-plane  pattern  because  of  the  dielectric 
layers.  Again  assuming  lossless  dielectrics,  the  efficiency  of  a 
single  slot  antenna  on  this  structure  is  calculated  to  be  about  47%, 
while  the  twin  elements  would  give  about  79%.  The  single  dipole 
would  have  an  efficiency  of  86%,  and  broadside  twin  dipoles  92%. 
The  dipoles  are  more  efficient  than  the  slots  because  the  initially 
low  dielectric  constant  layer  followed  by  the  subsequent  higher 
dielectric  constant  layers  tends  to  suppress  guided  mode  losses  to 
the  lower  order  TM  modes. 

In  order  to  illustrate  the  sensitivity  of  antenna  patterns  on 
these  layered  structures  we  have  also  considered  the  effects  of  a 
small  air-gap  between  the  dielectric  layers.  Figure  5  shows  the  H- 
plane  pattern  of  the  same  structure  as  that  used  in  Fig.  3  with  a 

40mil  (0.03Xo)  air  gap  between  the  first  and  second  layers.  The 
rather  dramatic  result  is  the  appearance  of  "horns"  at  28°  from 
boresight.  In  addition,  in  order  to  achieve  the  fit  between 

experiment  and  theory,  the  assumed  values  of  £1  and  £3  were 
changed  from  13  to  12.8  (the  material  is  only  guaranteed  to  be 
within  10%  of  the  nominal  value  of  13).  This  small  change  in 
dielectric  constant  reduced  the  magnitude  of  the  "horns"  by  a  factor 
of  0.7.  Both  calculations  and  measurements  show  that  the  location 
and  size  of  these  peaks  are  more  sensitive  to  parameter  errots  than 
when  the  beam  is  concentrated  along  boresight  (i.e  no  air-gap). 
For  this  dielectric  structure  our  calculations  show  the  same  results 
in  the  case  of  the  dipole  when  the  same  air-gap  is  placed  at  the 
interface  between  layer  1  and  layer  2  (i.e.  the  interface  containing 
the  dipole).  It  is  worth  noting  that  this  gap,  scaled  to  94GHz, 
would  be  approximately  the  thickness  of  a  human  hair. 

Conclusions: 

We  have  found  that  preliminary  experimental  results  show 
good  agreement  between  theory  and  experiments  for  multi-layer, 
electrically  thick  planar  substrates.  Both  theory  and  experiment 
indicates  that  the  dielectric  layers  largely  determine  the  radiation 
patterns  of  the  structures.  Dielectric  and  ground  plane  losses  are 
generally  small  enough  that  they  can  be  neglected  in  structures 
containing  few  layers.  Small  air  gaps,  however,  are  very 
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detrimental  to  the  beam  pattern,  as  shown  by  both  theory  and 
experiment.  On  structures  with  the  first  layer  made  of  a  lower 
density  (dielectric  constant)  material  than  the  subsequent  layers,  the 
dipole  antenna  is  a  more  efficient  radiator.  When  the  first  layer  has 
the  same  dielectric  constant  as  the  highest  dielectric  constant 
material  in  the  stack,  however,  twin  slots  should  give  better 
efficiency  than  twin  dipoles  because  of  TM  guided  mode  loss 
reduction.  We  have  also  found  that  when  broadside  twin  elements 
arc  employed,  there  is  no  appreciable  difference  between  single  and 
twin  element  beam  patterns  on  the  dielectric  structures  considered 
here. 

This  work  was  supported  by  the  Joint  Services  Electronics  Program  under 
contract  number  AFOSR  F49620-86-C-0045,  and  the  National  Science 
Foundation  under  grant  ECS-8552868. 
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Figure  1  Printed  slot  and  dipole  antennas  in  layered  substrates. 
For  the  resonant  configurations,  all  layers  are  X<j/4  thick,  where  X<j 
is  the  wavelength  in  the  dielectric  layer.  The  dielectric 
configurations  of  the  layered  structures  are  exactly  the  same  for 
dipole  and  slot  cases. 


Figure  2  H-plane  pattern  for  a  slot  with  6i=£2=4,  and  63=13. 


Figure  3  H-plane  pattern  for  a  slot  with  ei=13,  62=2.4,  and 
63=13. 


Figure  4  H-plane  pattern  for  a  slot  with  61=4,62=2.4, 
63=13, .64=4,  and  65=13. 


Angle 

Figure  5  H-plane  pattern  for  a  slot  with  ej=12.8,  62=2.4,  and 
63=12.8  with  a  40mil  (0.033Xo,  where  K  is  a  wavelength  in  free 
space)  air  gap  between  layers  1  and  2. 
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ABSTRACT 

A  technical  review  and  appraisal  of 
ongoing  basic  research  in  vacuum  and 
plasma  mm-wave  sources  sponsored  by  the 
Air  Force  Office  of  Scientific  Research 
(AFOSR)  will  be  presented.  In  all,  the 
work  of  more  than  a  dozen  leading  scien¬ 
tific  laboratories  will  be  discussed. 
Emphasis  w’ 1 1  be  placed  on  individual  pro¬ 
ject  goals  recent  results,  and  important 
technical  issues. 

INTRODUCTION 

On  March  first  of  this  year,  a  work¬ 
shop  was  held  at  AFOSR  which  brought  to¬ 
gether  14  government  program  managers  from 
the  DOD,  DOE,  and  NSF.  They  represented 
all  of  the  major  federal  agencies  which 
were  funding  research  in  the  field  of 
high-power,  mm-wave,  vacuum-electronic 
devices.  Each  summarized  the  individual 
efforts  within  his  respective  program  in 
the  light  of  current  and  future  objec¬ 
tives.  The  meeting  proved  so  informative 
that  attendees  felt  the  technical  high¬ 
lights  should  be  shared  with  the  mmw- 
community  at  large.  It  is  the  objective 
of  this  presentation  to  cover  as  much  of 
that  technical  material  as  possible. 

Most  of  the  research  topics  to  be 
covered  have  their  counterparts  in  efforts 
currently  supported  by  AFOSR,  which  con¬ 
tributes  over  $1.5  million  per  year  to 
non-solid-state  mmw  studies.  AFOSR  funds 
work  in  the  following  three  major  sub- 
areas:  vacuum  devices,  plasma  devices,  and 
numerical  modeling.  Although  the  scope  of 
the  sponsored  research  is  kept  as  broad  as 
possible,  emphasis  is  placed  on  novel  con¬ 
cepts  which  could  lead  to  the  eventual 
development  of  future  rf  oscillators  and 
amplifiers  in  the  10-300  GHz  range  which 
can  operate  with  reasonable  efficiency  at 
powers  of  100  W  to  1  GW.  The  potential 
applications  to  communications  and  radar 
are  obvious. 

VACUUM  DEVICES 

Among  the  most  promising  topics  of 
mmw  research  today  is  the  cyclotron  auto¬ 
resonance  maser  (CARM)  [1].  Two  of  the 
leaders  in  that  field  are  N.C.  Luhmann  and 
A.T.  Lin  of  UCLA.  They  are  currently 
using  theory  and  experiment  to  examine  a 


400  kV,  140  GHz  CARM  amplifier  as  well  as 
a  low  voltage,  slow-wave  CARM  (Cherenkov 
CARM)  [2).  G.  Bekefi  at  M.I.T.  similarly 
has  work  underway  on  a  35  GHz  CARM  [3]. 
Bekefi  is  also  pursuing  a  broad  variety  of 
FEL  studies,  most  notably  in  the  areas  of 
permanent  magnet  wigglers  [4]  and  micro- 
wigglers  [5]. 

Work  is  proceeding  on  the  cusp- 
injected  magnetron  (CUSPTRON)  at  both  the 
University  of  Maryland  (Destler  [6])  and 
the  Polytechnic  University  (Kuo  [7]). 
S.P.  Kuo  has  now  completed  a  30  kW,  12.3 
GHz  version  which  will  operate  at  the 
eighth  harmonic. 

Other  areas  of  gyrotron  research  are 
being  pursued  by  R.M.  Gilgenbach  (U.  of 
Michigan)  and  A.M.  Ferendeci  (U.  of  Cin¬ 
cinnati)  .  Gilgenbach  is  studying  the 
possible  use  of  1  MV,  1-10  kA,  microsecond 
pulsed  e-beams  in  a  gyrotron  configuration 
to  yield  kJ-level,  2-8  GHz  rf  pulses  [8]. 
Ferendeci,  on  the  other  hand,  has  been 
examining  the  use  of  intense  ribbon  beams 
in  a  planar  geometry  gyrotron  (see  Fig.  1) 
to  amplify  90  GHz  radiation  [9]. 

The  Orbitron  [10]  of  I.  Alereff  of 
the  University  of  Tennessee  has  now  left 
the  basic  research  stage  amid  a  flurry  of 
new  interest.  Alexeff  reports  reliable 
operation  at  up  to  10  GHz  steady  state  and 
up  to  a  terrahertz  in  pulsed  mode. 


Figure  1. 

The  Rectangular  High  Harmonic  Gyrotron 
(A.M.  Ferendeci,  U.  of  Cincinnati) 
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PLASMA  DEVICES 

The  most  famous  of  the  plasma-based 
mmw  concepts  under  active  investigation 
revolves  around  the  pioneer  work  of  G. 
Benford  at  UC-Irvine  [11].  Benford's 
present  plasma/irtense-e-beam  interaction 
studies  involve  the  careful  examination  of 
the  plasma  turbulence  created  by  the  beam. 
Meanwhile,  R.W.  Schumacher  of  the  Hughes 
Research  Labs  has  studied  beam-plasma 
interactions  at  the  lower  end  of  the 
energy  spectrum.  His  novel  3-wave-mixing 
mmw  device  [12],  as  depicted  in  Fig.  2,  is 
now  receiving  widespread  attention. 

Using  a  quite  different  approach 
based  on  results  obtained  in  early  mag¬ 
netic  mirror  plasma  research,  G.E.  Guest 
and  R.A.  Dandl  of  AMPC,  Inc.,  are  studying 
plasmas  as  storage  mediums  for  ordered 
populations  of  high  energy  electrons.  In 
their  Plasma  Electron  Microwave  Source 
(PEMS) ,  upper  off-resonant  electron  heat¬ 
ing  is  used  to  build  up  the  electron 
energy  which  is  then  released  in  a  short, 
intense  rf  burst  by  triggering  a  whistler 
wave  [13].  A  1  GW,  3-35  GHz  PEMS  is  the 
goal  of  a  current  joint  study  by  AMPC  and 
Varian. 


Plasma-loaded 

PERFORATED 

WAVEGUIDE 


Figure  2. 

Beam-Plasma  3-Wave  Mixing  Apparatus 


(R.W.  Schumacher,  Hughes  Res.  Labs) 


NUMERICAL  MODELING 

The  physics  involved  in  the  current 
generation  of  vacuum  mmw  device  concepts 
is  extremely  complex.  Analytic  theory  is 
hard-pressed  to  give  solid  explanations  or 
predictions  for  many  high-power,  short- 
wavelength  devices.  At  the  same  time, 
comprehensive  experimental  studies  of 
novel  mmw  concepts  are  becoming  prohi¬ 
bitively  expensive  in  both  time  and  money. 
Even  reliable  diagnostics  become  an  expen¬ 
sive  luxury.  Luckily,  computer  codes  for 
numerical  modeling  have  now  reached  a 
level  of  reliability  and  speed  that  make 


them  clear  choices  to  fill  the  crucial  gap 
between  theory  and  experiment.  High-risk, 
high-payoff  ideas  born  of  analysis  can  now 
be  subjected  to  a  next  higher  level  of 
scrutiny  and  understanding  before  hundreds 
of  thousands  of  dollars  are  invested  in 
risky  experiments. 

To  hasten  the  widespread  use  of  these 
new  numerical  tools,  the  DOD  and  NASA  have 
contracted  with  MRC  and  SAIC  to  perfect 
and  release  special  versions  of  their  pow¬ 
erful  3-D  P.I.C.  codes,  SOS  and  ARGUS.  On 
a  smaller  scale,  AFOSR  is  sponsoring  MRC 
to  introduce  four  university  research 
groups  to  the  powerful  2-D  P.I.C.  code, 
MAGIC.  To  assist  the  code's  acceptance, 
T.  Gladd  of  JAYCOR  is  preparing  a  user- 
friendly,  PC-based,  graphics  interface 
package  which  will  help  potential  users 
who  lack  numerical  simulation  experience 
to  actually  be  able  to  use  MAGIC 
themselves. 
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ABSTRACT 

A  review  of  recent  progress  at  the  University  of  Mary¬ 
land’s  Laboratory  for  Plasma  Research  (LPR)  on  the  devel¬ 
opment  of  millimeter- wave  free  electron  lasers  (FELs)  using 
short  period  electromagnet  planar  wigglers  and  low  voltage 
~  500fcV)  sheet  electron  beams  will  be  given. 

INTRODUCTION 

LPR’s  research  program  on  short  period  wiggler  FELs 
is  devoted  to  the  development  of  low  cost,  high  power,  tun¬ 
able,  coherent  millimeter  wave  sources  with  applications 
for  ECRH  of  fusion  plasmas,  space-based  radar,  and  os¬ 
cillator  drivers  for  accelerator-based  FEL  amplifiers.  The 
essential  components  for  the  concept  include  short-period 
planar  wigglers  (5mm  <  Cw  <  10mm),  modest  electron  en¬ 
ergies  (Vfceam  <  1  MeV),  sheet  electron  beams,  and  multi¬ 
stage  depressed  collectors  (for  spent  beam  energy  recovery) 

(1] .  The  reasons  for  these  features  have  been  d*-  .•  Abed  in 
Ref.  1.  It  is  particularly  noteworthy,  howevi  nat  with 
sheet  electron  beams,  the  planar  wiggler  not  only  drives 
the  FEL  interaction,  but  also  provides  strong  ponderomo- 
tive  beam  focusing  (1).  This  obviates  the  need  for  axial 
guide  magnetic  fields.  Since  a  detailed  description  of  the 
FEL  configuration  has  been  provided  in  Ref.  1,  the  remain¬ 
der  of  this  paper  shall  be  devoted  to  a  discussion  of  recent 
research  progress. 

OVERVIEW  OF  RECENT  RESULTS 
A.  Theory 

During  the  past  year  we  have  made  substantial  progress 
in  developing  theoretical  descriptions  and  predictive  capa¬ 
bilities  for  short  period  wiggler  PELS  A  normalized  nonlin¬ 
ear  theoretical  formulation  has  been  .leveloped  for  obtain¬ 
ing  FEL  oscillator  designs  which  are  optimized  for  max¬ 
imum  efficiency  when  operating  in  single  mode  equilibria 

(2] .  Linear  analyses  of  satellite  stability  in  saturated  os¬ 
cillator  equilibrium  states  have  yielded  an  identification  of 
stable  legions  of  parameter  space  for  single  mode  oscillation 

(3] .  One  important  consequence  of  the  work  in  Refs  4  and 
5  was  the  identification  of  a  “golden  rule”  for  FEL  oscillator 
design.  This  rule  states  that  to  maximize  efficiency  while 
maintaining  stable  single  mode  operation  one  should  choose 
the  beam  cunent  equal  to  approximately  three  times  the 
start  oscillation  current. 

A  model  has  been  developed  for  simulating  the  nonlin¬ 
ear  time  evolution  of  FEL  oscillator  radiation  fields  from 
noise  to  saturation,  including  the  effects  of  competition 
between  multiple  axial  cavity  modes  (4).  This  work  has 
provided  valuable  information  on  the  timescales  necessary 


to  achieve  oscillator  saturation,  the  evolution  of  various 
competing  modes  during  the  start-up  phase,  as  well  as  a 
method  of  programming  the  beam  voltage  tum-on  in  order 
to  achieve  the  highest  efficiency  available  to  saturated  sin¬ 
gle  mode  equilibria  (5]  (see  also  paper  by  B.  Levush  and 
T.M.  Antonsen,  Jr.  in  the  FEL  II  session,  this  conference). 

Finally,  we  have  combined  the  (normalized  theory)  re¬ 
sults  of  Refs.  2-5  with  scaling  laws  for  dimensionalized 
physical  parameters  to  generate  a  procedure  for  synthesiz¬ 
ing  optimized  FEL  oscillators  [6].  As  examples,  parameters 
for  both  tapered  and  untapered  1.0  MW,  300  GHz  FEL  os¬ 
cillators  are  provided  in  the  first  two  columns  of  Table  1. 

The  nonlinear  analyses  described  above  have  been  sup¬ 
plemented  by  linear  calculations  to  survey  the  importance 
of  such  issues  as  magnet  field  errors  as  well  as  non-FEL  in¬ 
stabilities  that  compete  for  the  beam’s  free  energy.  Wiggler 
magnetic  field  errors,  for  example,  can  result  in  beam  heat¬ 
ing,  beam  disruption,  and/or  beam  diffusion  to  the  waveg¬ 
uide  walls.  For  FELs  with  parameters  similar  to  those  in 
Table  1,  however,  most  of  these  effects  are  negligible  if 
errors  in  peak  wiggler  field  amplitudes  are  less  than  10% 
(rms)  and  errors  in  wiggler  period  lengths  are  less  than 
2.5%  [7]. 

Two  instabilities  have  been  identified  as  possible  com¬ 
petition  for  the  basic  FEL  instability.  The  first  of  these 
is  a  second  harmonic,  FEL-like,  electromagnetic  instabil¬ 
ity  arising  from  electron  betatron  motions  in  the  narrow 
transvcrsc-or  wiggler-focused-dimcnsion.  This  absolutely 
unstable  mode  has  been  called  the  “beta-FEL”  instability 
[8).  Since  the  mode  is  suppressed  by  beam  energy  spreads  in 
excess  of  0.02%,  however,  it  is  not  expected  to  be  important 
for  our  devices.  The  second  instability  that  we  have  been 
studying  with  linear  analyses  is  an  electrostatic  “resistive 
wall”  mode  resulting  from  the  coupling  of  a  negative  energy 
space  charge  wave  to  eddy  currents  in  waveguide  walls  with 
finite  conductivity  [7].  Our  calculations  to  date,  however, 
indicate  that  the  growth  rate  of  this  instability  should  be 
negligible  for  parameters  similar  to  those  presented  in  Ta¬ 
ble  1.  As  a  final  comment,  it  should  be  noted  that  there 
are  no  low  frequency  beam  instabilities  expected  to  arise 
from  the  wiggler  focusing  fields  (such  as  diocotron  instabil¬ 
ity)  since  the  coupling  to  axial  wiggler  field  components  is 
weak  and  the  beam  is  confined  near  the  minimum  of  the 
ponderomotive  well  (i.e.,  on-axis)  (1,?). 

B.  Sheet  Beam  Propagation  Experiments 

In  addition  to  a  theoretical  study  of  beam  stability  we 
are  involved  in  an  on-going  series  of  experiments  to  verify 
the  feasibility  of  propagating  wiggler-focused  sheet  electron 
beams  through  narrow  waveguide  gaps  between  the  short- 
period  wiggler  magnets.  The  measurements  are  conducted 
using  a  pulse  line  accelerator  to  generate  a  beam  of  ap- 
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proximately  300-500  keV,  20  A,  and  a  beam  cross-section 
of  approximately  1  mm  x  2-3  cm.  The  first  of  these  exper¬ 
iments  was  completed  using  a  five-period  wiggler  magnet 
with  a  3  mm  waveguide  gap  and  £a  =  1  cm  (9].  The  results 
of  this  study  were  promising  in  ‘.hat  they  clearly  demon¬ 
strated  wiggler  focusing  without  any  observable  beam  dis¬ 
ruption  instabilities.  Incomplete  beam  transport  was  ob¬ 
served,  however,  due  to  poorly  matched  entrance  conditions 
associated  with  the  wiggler  field  profile.  More  recently,  we 
have  completed  a  series  of  preliminary  experiments  using  a 
ten-period  wiggler  whose  field  profile  has  been  modified  to 
improve  beam  entrance  conditions.  The  initial  results  from 
this  second  effort  have  been  illustrated  in  Fig.  1. along  with 
data  from  the  previous  five-period  wiggler  run.  It  is  evident 
that  a  larger  percentage  of  injected  current  was  transported 
and  collected  in  the  10  period  wiggler  experiments.  This 
increase  can  be  attributed  to  the  improved  wiggler  entrance 
conditions. 

PROOF  OF  PRINCIPLE  EXPERIMENT 

We  are  now  in  the  process  of  designing  and  assembling 
a  proof-of-principle  (PoP)  experiment  to  test  the  feasibility 
of  some  of  the  basic  concepts  associated  with  short-period 
wiggler  FEL  oscillators.  A  450  kV  thermionic  Pierce  elec¬ 
tron  gun  has  been  obtained  from  the  Stanford  Linear  Ac¬ 
celerator  Center  (SLAC)  to  provide  a  1  ps,  300-400  A  beam 
with  energy  between  400-450  keV.  Much  of  the  beam  will 
be  masked  with  a  tapered  graphite  and  molydenum  beam 
scraper  to  yield  a  1  mm  x  2  cm  cross-section  sheet  beam. 
Simulations  of  the  masked  beam  using  an  electron  trajec¬ 
tory  code  (10J  indicate  that  the  resultant  beam  has  approx¬ 
imately  20  A  of  usable  current  within  a  ±  1%  axial  energy 
spread.  Parameters  for  the  PoP  configuration  am  summa¬ 
rized  in  the  third  column  of  Table  1. 
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Table  1 

Design  Parameters  for  Short  Period  Wiggler  FELs 


Beam  Voltage  (kV) 

500 

500 

410 

Beam  Current  (A) 

60 

34 

20 

Waveguide  Gap  (cm) 

0.22 

0.22 

0.4 

Waveguide  Width  (cm) 

5.0 

5.0 

4.0 

Effective  Cavity 

Transmissivity  (%) 

5.5 

9.0 

10-20 

Wiggler  Period  (cm) 

0.54 

0.54 

1.0 

No.  of  Periods 

20 

111 

25 

Peak  Wiggler  Field  (kG) 

2.0 

2.0 

1.5 

Intrinsic  Efficiency  (%) 

4.0 

13.0 

3.6 

Thermal  Wall  Load  (kW/cm2) 

2.0 

2.0 

0.09 

Cavity  Power  (MW) 

22 

22 

1.3 

Taper 

no 

yes 

no 

Saturation  Time  (/is) 

0.3 

? 

0.35 

Allowable  Axial  Energy  Spread 

±2% 

? 

±2% 

Frequency  (GHz) 

298 

298 

120 

Output  Power  (MW) 

1.0 

1.0 

0.280 

Figure  1 

Ratio  of  transported  current  to  injected  current  in 
wiggler-focused  sheet  beam  propagation  experiments. 
Data  includes  both  initial,  five-period  wiggler  experiments 
(open  circles),  as  well  as  more  recent  ten-period  wiggler 
measurements  (closed  circles). 
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ABSTRACT 

We  present  the  test  results  of  a  novel  microwiggler 
structure  [1]  for  free-electron  lasers,  in  which,  each  2.4  mm 
period  consists  of  tv.'o  channels  of  miniature  electro  mag¬ 
nets  energized  by  current  with  opposite  polarities.  The 
magnetic  field  in  each  half-period  is  independently  control¬ 
lable  and  the  tunability  is  demonstrated  experimentally 
which  may  provide  means  for  reducing  random  field  er¬ 
rors;  for  field  tapering;  for  optical  klystron  configurations; 
and  for  electron  beam  injection. 

INTRODUCTION 

Short  period  (1-10  mm)  undulator  for  free-electron 
laser  (FEL)  applications  has  been  a  subject  of  considerable 
interest  [1,2, 3, 4].  Besides  its  compactness,  such  system 
has  the  advantage  of  producing  higher  frequency  radiation 
with  a  given  electron  energy,  or  conversely,  it  reduces  the 
electron  energy  required  to  access  a  given  wavelength.  The 
magnetic  structure  is  similar  to  a  multi-channel  magnetic 
recording  head  [5]  in  which  each  period  consists  of  two 
channels  of  electromagnets  excited  with  current  of  oppo¬ 
site  polarities  (Figure  1),  hence  the  magnetic  field  in  each 
half  period  is  independently  controllable.  The  unique  flexi¬ 
bility  of  this  configuration,  in  principle,  allows  one  to:  tune 
out  random  errors  associated  with  field  variations  in  indi¬ 
vidual  channels;  taper  field  profile  for  efficiency  enhance¬ 
ment;  tailor  fields  in  the  entrance  introduction  and  exit 
region;  and  construct  optical  klystron  configuration.  In 
this  paper,  we  outline  the  crucial  criteria  of  the  microwig¬ 
gler  design  and  describe  the  construction  procedure.  The 
test  results  of  a  30  periods,  2.4  mm  wavelength  prototype 
is  presented,  which  demonstrated  the  tunability  of  the  field 
amplitude.  We  also  discuss  cooling  requirements  to  achieve 
longer  pulse  or  DC  operations. 


DESIGN  OF  MICROWIGGLERS 

An  outline  of  the  design  procedure  is  presented  here, 
detail  formulation  of  the  design  can  be  found  in  our  pre¬ 
vious  paper  (lj.  For  a  given  wiggler  wavelength  A„,  the 
relevant  parameters  of  the  geometry  are  gap  spacing,  core 
thickness,  gap  width,  winding  length,  and  wire  size. 

Core  thickness  governs  the  longitudinal  field  profile 
and  is  the  most  important  parameter  in  the  design  pro¬ 
cess.  Since  the  cores  are  excited  in  an  alternating  way,  the 
cancellation  effect  from  the  adjacent  channels  tends  to  re¬ 
duce  the  attainable  field  on  axis.  Thinner  core  has  smaller 
crosstalk  effect  and  thus  should  yield  higher  field  per  unit 
excitation.  However,  below  certain  critical  core  thickness, 
the  harmonic  content  of  the  field  rises  sharply  because  of 
the  non-cancelling  spiky  field  characteristics. 

Gap  spacing  determines  the  transverse  field  profile. 
To  minimize  the  inhomogeneity  and  to  reduce  the  field  fall- 
off  from  the  pole  face  to  the  beam  location  (magnet  axis), 
it  is  desirable  to  use  a  gap  less  than  Aw/3.  However,  prac¬ 
tical  concerns  like  electron  beam  propagation  and  optical 
beam  diffraction  set  the  lower  limit  for  the  gap  spacing. 
For  microwigglers,  the  choice  of  gap  spacing  is  uniquely 
challenging. 

These  two  thin-dimensions,  core  thickness  and  gap 
spacing,  also  govern  the  behavior  of  the  magnetic  mate¬ 
rial  when  the  system  approaches  saturation.  In  addition, 
the  energetics  and  the  circuit  response  are  analyzed  in  a 
parametric  way.  The  number  of  turns  in  a  fixed  winding 
volume  is  determined  by  the  wire  size,  and  is  treated  as 
a  dependent  variable.  In  each  half-period  core  element, 
the  resistance  and  the  inductance  are  calculated,  the  ratio 
L/R  then  gives  the  rise  time  of  winding/core  assembly.  In¬ 
terestingly,  the  rise  time  depends  mainly  on  core  thickness 
and  gap  width.  The  current  required  to  generate  a  par¬ 
ticular  average  magnetic  field  across  the  gap  is  calculated 
from  Ampere’s  law.  Then  the  Ohmic  heating  power  in  the 
coil  and  the  total  energy  dissipated  during  the  pulse  can 
be  found.  From  these  simple  scalings,  one  finds  that  to 
achieve  a  certain  field  in  the  gap,  a  long  winding  length 
reduces  the  current,  power,  and  energy  required.  The  wire 
diameter  plays  the  role  of  impedance  matching  between 
the  magnet  and  the  power  supply,  e.g.,  thinner  wire  needs 
more  current  at  a  correspondingly  lower  voltage. 

MAGNET  CONSTRUCTION 

We  have  constructed  and  tested  a  30-period  flat  pole 
face  prototype  with  a  wiggler  period  of  2.4  mm.  It  is  as¬ 
sembled  in  two  half  brackets,  each  with  60  precision -cut 
slots,  held  together  with  epoxy  and  bolts.  AlFeSi  cores, 
wound  with  160  turns  of  40  gauge  wire,  me  sliced  to  gen- 
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erate  the  3  mm  airgap  and  form  the  beam  channel  in  the 
microwigglcr.  These  cores  are  loaded  into  the  slots  in  the 
half-brackets  and  potted.  Terminal  boards  (electrical  in¬ 
terfaces)  are  connected  to  the  core  windings  and  inserted 
into  the  half-brackets.  The  whole  assembly  is  then  lapped 
and  gapped  to  the  final  configuration.  All  mechanical  tol¬ 
erances  are  held  to  within  0.3  mil.  such  that  an  undulator 
period  error. of  less  than  0.3%  is  achieved.  The  error  due  to 
machining  is  controlled  in  a-non-accumulative  fashion  to 
help  sustaining  the  phase  synchronism  in  the  interaction. 

FIELD  MEASUREMENTS 

In  all  the  measurements,  the  microwigglcr  was  driven 
by  one  single  power  source  with  all  the  electromagnet  chan¬ 
nels  being  excited  in  parallel.  The  magnetic  field  in  each 
half  period  was  independently  controlled  by  varying  the 
current  using  a  series  potentiometer.  Both  DC  and  60  Hz 
AC  power  supplies  were  used  in  the  low  field  CW  tests 
to  single  out  AC  effects.  For  high  field  tests,  a  special 
pulser  circuit  was  constructed.  Upon  triggering,  the  low 
level  electronics  in  the  circuit  fires  the  high  power  SCRs 
and  switches  a  clean  half-period  sine  wave  from  the  60 
Hz  power  line  into  the  microwiggler.  The  magnetic  field 
measurements  were  made  with  a  motorized  miniature  Hall 
probe  having  an  active  area  of  0.045  mm2.  The  experi¬ 
ment  was  conducted  at  room  temperature  with  no  active 
cooling  system  in  the  magnet  structure. 

In  the  linear  regime  of  the  magnet,  we  obtained  a  cali¬ 
bration  factor  of  110  Gauss/Amp  on  axis,  this  is  predicted 
quite  well  by  the  analysis  described  in  the  last  section. 
With  a  core  thickness  of  \u/4,  the  partial  cancellation  be¬ 
tween  channels  generated  a  nearly  perfect  sinusoidal  field 
pattern,  the  third  harmonics  on  axis  measured  is  less  than 
0.5%.  The  tunability  of  the  field  amplitudes  is  demon¬ 
strated  as  follows:  with  equal  settings  on  the  tuning  po¬ 
tentiometers,  the  measured  field  showed  a  15%  variation 
in  peak  field  amplitudes  (Figure  2).  The  distinctive  field 
spikes  at  the  entrance  and  the  exit  are  present  as  expected. 
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Figure  2.  Hall  probe  measurement  of  on  axis  wiggler  field  before 
(lower  trace)  and  after  (upper  trace)  tuning. 

After  carefully  tuning  up  the  circuit,  the  peak  field  varia¬ 
tion  can  be  kept  well  below  1%,  and  the  wiggler  end  effects 
can  be  adjusted  for  optimal  beam  injection. 


In  addition,  we  have  constructed  many  single-channel 
test  pieces  with  various  dimensions  to  verify  the  fundamen¬ 
tal  scaling  laws  discussed  in  the  previous  section.  More 
importantly,  the  behavior  of  the  core  array  approaching 
saturation  can  be  examined  in  detail. 

COOLING 

The  maximum  current  that  can  be  pulsed  into  each 
channel  for  8  ms  duration  -  without  causing  thermal  break¬ 
down  -  was  measured  under  two  conditions:  10  Amperes 
in  microwigglcr  (with  all  the  channels  tightly  seated  in 
the  slot  structure)  versus  50  Amperes  in  air  (single  core 
piece  excited  in  room  temperature  air).  The  comparison 
indicates  the  possibility  of  higher  current  operations  with 
further  cooling  arrangements.  In  short  pulse  magnets,  the 
temperature  rise  is  dominated  by  the  thermal  mass  of  the 
coils,  hence  precooling  of  the  magnet  structure  should  be 
effective.  For  example,  precool  the  copper  coil  magnet 
down  to  nitrogen  temperature  (77° K)  increases  the  max¬ 
imum  current  from  10  A  to  30  A.  Precooling  copper  fur¬ 
ther  down  is  neither  economical  nor  effective  because  of 
the  temperature  dependence  of  copper  resistivity  and  heat 
capacity.  Longer  pulse  (100  ms)  operation  of  microwigglers 
can  be  achieved  through  better  designs  of  the  magnet  core 
structure  to  obtain  more  gauss  per  ampere.  For  DC  op¬ 
eration,  it  is  imperative  to  use  superconducting  coils.  For 
example,  using  32  gauge  NbSn  wire  and  the  same  pro¬ 
totype  parameters,  and  assuming  the  permeability  stays 
high  enough  at  helium  temperature,  the  critical  current  is 
estimated  to  be  20  A. 

CONCLUSIONS 

We  have  designed,  constructed  and  tested  a  30  period 
microwigglcr  prototype  with  a  2.4  mm  wavelength.  The 
tunability  of  the  longitudinal  field  profile  is  demonstrr 1  ed. 
The  operation  characteristics  of  the  magnet  in  the  linear 
regime  agrees  well  with  calculations.  With  precooling  and 
the  use  cf  high  saturation  core  materials,  the  pulse  length 
and  the  field  intensity  will  be  further  improved. 
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Abstract 


2.  Particle  Motion 


An  analytical  fluid  theory  is  developed  for  a  cir¬ 
cular  free  electron  laser,  including  the  effect  of  the 
space  charge  vave-  The  dispersion  relation  of  the  FEL 
radiation  and  the  space  charge  wave  is  analytical ly 
obtained.  It  is  found  that  (he  space  charge  vave  gives 
strong  effect  on  the  performance  of  a  circular  FEL- 

I.  Introduction 

In  the  circular  free  electron  laser  (circular  FEL), 
electrons  circulate  in  a  coaxial  waveguide,  being  subjeci 
to  a  uniform  axial  magnetic  field  and  an  azimuthal ly  pe¬ 
riodic  wiggler  magnetic  field  (see  Fig-i).  In  the  pre¬ 
vious  experimental  reserches  Cl-2],  millimeter  wave 
radiation  has  been  observed  in  this  device.  Also,  some 
theoretical  models  have  been  proposed  [3-4],  hut  no  fluid 
mode!  that  includes  the  effect  of  the  space  charge  wave 
has  been  discussed.  We  bei  leve  that  this  patter  presents 
the  first  fluid  theory  that  accounts  for  the  effect  of 
the  space  charge  wave  adequately.  Throughout  this 
paper,  we  use  Eulerian  description. 


Rotating 
Electron  Beam 


M-.l  Configuration  of  circular  Free  Electron  Laser 


2.1  Equi I  librium  Motion 

Electrons  are  subject  to  cyclotron  motion  in  an 
axially  uniform  magnetic  field  B2  .  We  assume  that 
there  is  no  axial  streaming  velocity.  Furthermore, 
azimuthal ly  periodic  wiggler  field  BL='Bw(rg/r)sinN0r  is 
imposed  (see  Fig.l).  where  i'q  and  N  are  the  Larmor 
radius  given  by  c  &»/(Oo  and  the  periodicity  of  the  wig¬ 
gler  field.  Here  fo=v#/c  and  (u»=eB2/mOr ,  and  fis  the 
familiar  Lorentz  factor.  Therefore  the  motion  of  the 
electrons  will  be  slightly  perturbed  from  cyclotron 
motion. 

The  axial  component  of  the  velocity  is  obtained  from 
the  Lagrangean  equation  using  the  conservation  of  the 
canonical  momentum.  The  radial  and  the  azimuthal  com¬ 
ponent  of  the  velocity  are  obtained,  assuming  that  the 
parameter  aw  is  small,  where  a  ^ergBy/fJiticN.  Taking  the 
first  order  terms  of  aw,  we  obtain 

vr=0  , 

v<rr0“>o  •  (1) 


vz=vwcosN0  . 
where  vw=J2awc/jT. 


2.2  Perturbed  Motion 

The  orbit  of  the  beam  particle  wi 1 1  depart  from 
equi I  librium,  due  to  the  presence  of  the  electromagnetic 
fields.  In  order  to  express  the  perturbed  velocity  in 
terms  of  the  perturbed  fields,  I  inearl ized  relativistic 
perturbation  equation  of  motion  is  made  of  use.  Ail  the 
perturbed  quantities  are  expressed  by  means  of  Fourier 
decomposition  with  respect  to  the  a-imuthal  direction 


$  F(  r ,  0,  t)=Z$  F<;  r)exp(  icol- 1  n0)  ■ 
Solving  them  we  obtain 
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where  cOo=v»/r,  U)2  =v, 
df?=£y-(p+N)w«.  stf  =w-pm4. 
2^ are  three  components  of 
p,  namely  2a  =  -e($E, 

£  p+N+vz^Br,  p)^) 


/2r  ,  y\i=ve2/c2.  A  2  =VjVw/2c2, 
The  quantities  Zi  •  antl 
the  Lorenl2  force  devided  by 


SEr.p+N‘vzSB8,P^v»sf!z,P+N)/l?^  ‘e(- 

; anu  z3  =  -ex*E2tp-v»$Br(P)/mr. 


3-Field  Equations 


The  field  in  the  circular  FEL  is  assumed  to  be  cut 
off  in  the  aAial  direction.  This  means  that  the  field 
is  devided  into  two  waves,  namely  TM  wave  and  TE  wave- 
The  former,  with  a2ii*uthal  mode  number  p,  is  the  FEL 
radiation  field  excited  by  the  perturbed  axial  current 
it-  The  latter,  with  azimuthal  node  number  p+N,  is 
the  space  charge  wave  excited  mainly  by  the  perturbed 
azimuthal  current  >p+jj.  and  both  of  these  two  waves 
are  excited  simultaneously. 

3.1  Radiation  Field 

The  radiation  field  may  be  very  close  to  a  vacuum  TM 
mode  in  a  coaxial  waveguide.  Here  we  introduce  a  quan¬ 
tity  6a=SE2  p/ito. 

By  integrating  the  Maxwell’s  equations,  we  obtain  a 
relation  between  Sa  and  the  perturbed  current 

5a=^U.f2{(a)/c)2-kpq2}'I(a2-b2)'1  fr£l2.pdr.  (4) 


f 2=(a2- b2)Xp2(kr0)/{a2Xp ’ (ka)2- b2Xp ’ (kb)2} .  (5) 

Here  k,  f 2,  Xp,  b,  a,  rj,  r2  are  the  radial  wave  number 
of  the  vacuum  TM  mode,  the  coupling  factor  of  a  coaxial 
waveguide,  the  eigen  function  of  a  coaxial  waveguide,  the 
radius  of  the  inner  and  the  outer  boundary  of  the  coaxial 
waveguide,  the  beam  radius  of  the  inner  and  the  outer 
boundary,  respectively. 

3.2  Space  Charge  Wave 

While  the  radiation  field  is  very  close  to  a  vacuum 
TM  mode  of  a  coaxial  waveguide,  the  space  charge  wave  is 
not  necessarily  close  to  a  vacuum  TE  mode.  We  now  carry 
out  the  analysis  by  means  of  the  wave  admittance  after 
the  previous  works  [5-6]  of  negative  mass  instability. 
Here  another  quantity  i^-iriE^p^/Cp+N)  is  introduced. 
We  obtain  a  compact  formula  for’ the  space  charge  wave  by 
integrating  the  Maxwell’s  equations, 
rli 

i(j>  =g(c24^/2tU)J5l6);)+^dr  ,  (6) 

*T,  ’ 


g^b.+b+Mp+NiJr/ro}'1  .  O) 

Here  b+  and  b-  are  the  outer  and  the  inner  wave 
admittance,  and  /ir=r2-rj. 

4.  Dispersion  Equation 

4.1. Perturbed  Current 

In  order  to  obtain  the  dispersion  equation  we  only 
need  to  calculate  jc,l2  prdr  and  fc.  p+xjdr. 

We  assume  here  that,  the  electron  number  density  dis¬ 
tribution  is  almost  step  function.  Considering  that  the 
FEL  interaction  occurs  when  the  vacuum  TM  mode  and  the 
beam  mode  synchronize,  we  obtain  the  first  order  current 
density  represented  by  the  perturbing  field  after  Lau’s 
method  [7]. 

4.2  Dispersion  Equation 

Since  the  FEL  radiation  occurs  at  the  interaction 
between  a  vacuum  TM  mode  and  the  beam  mode  CO  =(p+.\')cOo  , 
we  can  put  the  f  equency  as  Ok)  =ckpf)-r=(p+N)UV(dU>+ 
D,  where au>  is  the  detuning  parameter  between  the  vacuum 
TM  mode  and  the  beam  mode,  and  -iwPis  the  growth  rate. 
Substituting  the  perturbed  current  density  into  equations 

(4)  and  (6),  we  finally  obtain  the  dispersion  equation  in 
the  matrix  form  as 


r**g fair! 

,  ritizrj  I  j 


(8) 


where  f i=g(p+N')(a2-b->/2r-.a>.  is  the  plasma  frequency 
defined  liy  6jp  =2>H,e-o£~/m(a2-b2)  and  c;is  the  electron 
surface  density. 

The  dispersion  relation  is  obtained  by  setting  the 
determinant  of  the  matrix  to  zero. 


rJ+24ajr+ (a<x>x+  j  r= 


(9) 


In  the  absence  of  the  wiggler  field,  the  dispersion 
relation  corresponds  to  that  of  cyclotron  maser  in¬ 
stability  .  Equation  (8)  and  (9)  show  that  space  charge 
wave  in  circular  FEL  is  itself  unstable  due  to  negative 
mass  effect.  It  makes  a  good  contrast  to  the  linear 
FEL,  in  which  it  is  stable. 

5.  Conclusion 

This  paper  presents  a  fluid  theory  of  circular  FEL, 
including  the  effect  of  space  charge  wave-  By  analyzing 
the  particle  motion  of  a  thin  electron  beam,  it  is  shown 
that  the  two  waves,  TM  mode  of  the  FEL  radiation  and  TE 
mode  of  the  space  charge  wave,  couple  with  each  other 
through  the  electron  motion.  Combining  the  results  of 
the  particle  dynamics  and  the  field  structure,  the  dis¬ 
persion  relation  is  obtained.  The  space  charge  wave  it¬ 
self  in  the  circular  FEL  is  found  to  be  unstable  due  to 
the  negative  mass  effect. 
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ABSTRACT 

The  stability  of  sidebands  in  a  free  electron 
laser  is  determined  in  the  regime  in  which  the 
three-dimensional  structure  of  the  modes  is 
important.  It  is  found  that  the  growth  rate  of  the 
sidebands  in  the  presence  of  a  fundamental  mode 
which  is  weakly  guided  by  the  beam  is  reduced.  The 
indications  are  that  for  some  parameters  the 
spatial  growth  rate  of  the  sidebands  can  be  made 
less  than  that  of  the  fundamental. 


INTRODUCTION 


The  operation  of  free  electron  lasers  with 
tapered  wiggler  parameters  to  enhance  efficiency 
requires  that  the  radiation  field  he  nearly 
monochromatic  for  optimum  performance.  However, 
single  frequency  equilibria  are  unstable  to  the 
growth  of  parasitic  modes  known  as  sidehands.  The 
most  dangerous  instability  occurs  for  a  wave  with  a 
frequency  shifted  from  the  fundamental  by  an  amount 
sufficient  to  resonate  with  the  synchrotron 
oscillation  of  the  particles  in  the  ponderomotive 
well  of  the  fundamental.  As  was  originally  shown, 
in  a  long  device  the  local  gain  for  the  sideband 
exceeds  the  gain  for  the  fundamental.  Thus,  a 
tapered  oscillator  would  be  expected  to  be  unstable 
in  the  absence  of  frequency  discriminating 
feedback. 

In  this  paper  we  will  investigate  the  effect 
of  the  three-dimensional  mode  structure  on  the 
sideband  instability.  In  particular,  we  will 
examine  the  stability  of  single  frequency  equili¬ 

bria  in  which  the  radiation  is  optically  guided* **1  by 
its  interaction  with  the  electron  beam. 

The  basic  effect  that  we  consider  relates  to 
the  "filling  factor"  for  the  beam  to  the  radiation. 
In  general,  this  filling  factor  is  different  for 

the  fundamental  and  the  sidebands  and  thus  the 
results  of  one-dimensional  theory  where  all 
excitations  are  assumed  to  have  the  same  filling 
factor  are  modified.  An  additional  effect  that  we 
consider  is  the  radiation  damping  that  occurs  for 
waves  with  axial  phase  velocities  greater  than  the 
speed  of  light. 

Our  main  results  are  as  follows.  We  find  that 
for  situations  where  the  fundamental  is  strongly 
guided  (the  radiation  and  beam  waists  are 

comparable)  the  gain  of  the  sidebands  is  not 
significantly  modified  from  the  one-dimensional 
result  except  for  the  appearance  of  a  high 

frequency  "tall"  for  the  growth  rate  due  to 
radiation  damping.  On  the  other  hand,  if  the 
fundamental  is  weakly  guided  (radiation  waist  much 
larger  than  the  beam  waist)  the  sideband  growth 
rates  are  suppressed  to  the  extent  that  their  gain 


can  hecome  less  than  the  gain  of  the  fundamental. 
This  latter  result  is  based  on  estimates  made  in 
the  weak  taper  regime  and  will  require  numerical 
verification  in  the  regime  of  strong  taper. 

SEPARABLE  BEAM  MODEL 

To  study  the  effects  of  diffraction  on  the 
sideband  instability  in  free  electron  lasers  we 
adopt  the  separable  beam  model  introduced  in  Ref. 
3.  In  this  model  the  current  source  term  in  the 
wave  equation  is  assumed  to  have  a  separable 
dependence  on  the  axial  distance  and  radius.  This 
leads  to  a  situation  where  the  particle  motion  is 
one  dimensional 
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where  t(i  is  the  particle  phase,  p  is  the  detitping, 

£  =  z/L  measures  axial  distance  where  L  *  r^w^/c  is 
the  Rayleigh  length  based  on  the  electron  beam 
radius,  a(g,x)  is  the  effective  radiation  field 
experienced  by  the  particles  and  a  represents  the 
fictious  acceleration  due  to  tapering. 

In  the  separable  beam  model  the  effective 
field  is  determined  by  the  following  convolution 
integral 


a(£  T)  =  _L  f5  d£'  <exp[-l»(g%T  -  e(S-iT))1> 

^  }  5  1  +  1(?  -  5') 

where  I  is  a  normalized  current,  e  *  c/vb  -  1  is 
the  slippage  parameter,  and  the  factor  i(g-g')  in 
the  kernal  describes  the  effects  of  diffraction. 

This  system  can  be  linearized  about  an 
equilibrium  in  which  all  particles  are  trapped  in 
the  bottom  of  a  ponderomotive  well.  This  result  is 
a  dispersion  relation  for  the  complex  wave  number 
k(u>)  as  a  function  of  frequency  w  of  the  sideband, 

Sq  -  k^  E(k  +  we  +  v)  -  EA(k  +  we  -  v) 

~  =  2E(v)  ’ 


where  a0  and  v  are  the  amplitude  and  wavenumber  cf 
the  equilibrium  wave, 

(a(g)  =  a0eivS) 


and 


E(g)  =  -  e*(“5  )  *  ~  (4n)  ^e^Ej(g) 


*Depts.  of  Electrical  Engineering  and  Physics  and  Astronomy. 
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with  Ej(£)  the  exponential  integral. 

A  sample  solution  for  spatial  growth  race 
versus  frequency  for  v  =  1  and  various  values  of 
kg  =  a„/v  is  shown  in  Fig.  (1).  Similar  plots 
apply  for  other  values  of  v  with  the  maximun  growth 
rate  normalized  to  the  synchrotron  frequency  being 
relatively  insensitive  to  v.  As  v  is  increased  the 
growth  rate  curves  approach  those  of  the  one 
dimensional  model  (v  =  «*).  In  this  case  the  growth 
rate  vanishes  for  sufficiently  high  frequency.  In 
the  presence  of  diffraction  growth  is  present  for 
all  frequencies. 


j  — > — r  i  i  i^i  i  .vi  . 

0.0  1.0  2.0 
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Figure  1 

Spatial  growth  rate  of  sidebands  normalized  co 
synchrotron  frequency  versus  frequency  of  sidebands 
normalized  to  synchrotron  frequency  for  the  case 
v  =  1  and  several  values  of  k^. 


Figure  2  shows  a  plot  of  the  ratio  of  the 
maximum  sideband  growth  rate  to  the  maxinum 
achievable  fundamental  growth  rate  versus  k^  for 
different  values  of  v.  When  this  number  Is  less 
than  unity  one  should  be  able  to  totally  suppress 
sidebands.  This  estimate  is  made  in  the  limit  of 
weak  Caper  (a  «  1)  and  requires  numerical 
verlf icatlon. 


Figure  2 

Maximum  spatial  growth  rate  of  sidebands  normalized 
to  the  maximum  spatial  growth  ince  of  the 
fundamental  versus  k^  for  different  values  of  the 
mismatch,  v. 
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stationary,  so  that  the  condition  that  the  two  curves  are  tangent 


ABSTRACT 

An  FEL  amplifier  with  a  helical  quadrupole  wiggler  is 
investigated  analytically  and  numerically.  A  3-D  simulation 
code  is  utilized  to  examine  the  nonlinear  evolution  of  circular 
waveguide  modes  as  well  as  the  characteristics  of  relativistic 
particle  motion,  which  illustrate  a  strong  focussing  effect. 
The  simulation  predicts  a  0.55  dB/cm  gain,  2%  efficiency, 
and  8%  bandwidth  for  the  optimum  TE21  mode  at  300  GHz 
for  an  untaoered  wiggler.  Mode  competition  for  an  over- 
moded  waveguide  and  a  nonlinear  wiggler  taper  for  efficiency 
enhancement  are  examined  for  a  linear  dipole  wiggler  in  a 
rectangular  guide.  It  is  found  that  the  maximum  TE01  mode 
efficiency  is  53%  at  280  GHz  and  that  the  TM21  mode  power 
can  be  as  high  as  28%  in  the  uniform  wiggler  region. 

INTRODUCTION 

We  consider  a  free  electron  laser  (FEL)  with  helical 
quadrupole  or  linear  dipole  magnetic  wigglers  field  inside 
circular  or  rectangular  guides  in  the  millimeter-wave  range. 
The  quadrupole  was  chosen  because  its  known  focussing  and 
stability  properties  for  accelerators  might  provide 
improvements  at  high  power  and  beam  density  where  space 
charge  effects  and  particle  orbit  trajectories  could  be  stabilized. 
A  tuneable  FEL  in  the  millimeter-wave  range  has  important 
applications  in  the  areas  of  communications,  high  resolution 
radar,  semi-conductor  and  solid  state  material  properties 
measurements  and  as  a  source  for  heating  fusion  plasmas. 
Work  by  Ganguly  and  Freund  [1]  developed  a  3-D  nonlinear 
simulation  code  for  a  helical  dipole  wiggler  FEL  to  examine 
optimized  circular  waveguide  mode,  particle  orbits,  gain  and 
efficiency.  We  have  modified  this  code  to  examine  the 
properties  of  a  helical  quadrupole  wiggler.  Our  work  on  the 
quadrupole  FEL  [2,  3]  at  300  GHz  has  shown  high  gain, 
broad  bandwidth  and  moderate  efficiency  for  an  untapered 
wiggler.  In  this  work  we  examine  the  quadrupole  focussing 
properties,  optimized  gain,  efficiency  and  bandwidth  at  300 
GHz.  We  also  examine  mode  competition  and  a  nonlinear 
taper  for  the  linear  dipole  case  at  280  GHz. 

ANALYSIS  OF  THE  HELICAL  QUADRUPOLE  FEL 

We  analyze  the  helical  quadrupole  FEL  tocompare  this 
configuration  to  alternative  configurations,  determine  the 
influence  of  design  parameters  on  FEL  performance,  and 
establish  benchmarks  for  checking  the  nonlinear  computer 
simulation.  We  can  predict  the  frequency  for  the  peak  of  the 
gain  and  efficiency  curves  from  the  simulation  of 

A  magnetic  field  solution  of  the  static  Maxwell 
equations  in  vacuum  for  a  helical  quadrupole  wiggler  field  and 
a  uniform  guide  field  is 

Br  =  2  Bw  I2  (2a.)  cos(2x) , 

B0  =  -(2BWA)  I2(2X)  sin(2x), 
and  Bz  =  B0  +  2BW  I2(2X)  sin  (2x).  (1) 

Where  cylindrical  coordinates  (r,  q,  z)  are  used,  with 

X  —  0  -  kwz,  —  kwr,  and  —  2  it//.  ^ . 

We  find  in  our  simulations  that  the  TE  21  mode  is 
amplified  preferentially,  since  the  electric  fields  of  this  mode 
match  the  quadrupole  structure  of  the  wiggler  fields,  which 
means  that  the  field  structure  matches  the  lowest  order  pattern 
of  the  perturbed  velocity  of  the  electrons  in  the  wiggler  field. 

We  find  there  is  a  class  of  solutions  where  the  phase 
difference  between  the  electrons  and  the  mode  signal  field  is 


yields  y=  (1  -  p2)',/2  =  [1  +  (k2n/2kw)]  1/2  and  the  frequency 

co  =k2nc[l  +  (k2n/2kw)  ]  .  This  equation  predicts  the 
frequency  of  maximum  gain  obtained  from  the  computer 
simulation  rather  accurately. 

SIMULATION  OF  FEL  GAIN  FOR  WIGGLERS  IN  THE 
300  GHZ  RANGE 

We  have  carried  out  simulations  of  the  gain, 
efficiency,  and  bandwidth  for  300  FEL’s  with  a  quadrupole 
wiggler.  We  have  modified  a  Compton  helical  dipole  code  to 
treat  quadrupole  or  linear  dipole  wiggler  fields  through 
changes  in  the  wiggler  field  expression,  adiabatic  entries  and 
consequent  modification  of  the  relativistic  equations  of 
motion. 

For  a  FEL  with  a  quadrupole  wiggler  and  an  axial 
guide  field,  the  total  magnetic  field  components  of  Eqn.  (1) 
are  used  for  the  nonlinear  simulation.  The  derivation  [3]  of 
the  dynamic  equations  for  both  the  TE  and  TM  modes  is 
formally  similar  to  that  by  Ganguly  and  Freund  [1]  except  the 
appropriate  choice  of  the  rotating  coordinate  system  which 
rotates  at  the  same  pace  as  the  helical  quadrupole  wiggler 
fields,  i.e.,  ej  =  x  cos  (2kwz)  +  y  sin  (2  kwz)  and  e2  =  -  x 
sin  (2kwz)  +  y  cos  (2  kwz). 

RESULTS  OF  NONLINEAR  SIMULATION 

We  have  simulated  the  operation  of  the  quadrupole 
FEL  configuration  near  300  GHz.  In  these  cases  we  have 
held  the  wiggler  period  fixed  at  3  cm,  and  have  varied  the 
beam  voltage,  beam  current,  the  waveguide  radius,  and  the 
wiggler  field  intensity  to  optimize  the  FEL  performance. 

For  the  300  GHz  range,  the  beam  voltage  is  1.6  MeV 
and  the  waveguide  radius  is  0.2  cm  to  satisfy  the  tangential 
intersection  conditions.  Also,  this  FEL  has  a  moderate 
efficiency  (5%),  broad  spectral  response  (50%),  and  the 
spatial  gain  is  0.47  dB/cm.  However,  this  extremely  small 
waveguide  size  is  difficult  to  realize.  We  allow  the  beam 
resonance  curve  to  intersect  the  waveguide  dispersion  curve  at 
two  frequencies  with  the  upper  one  corresponding  to  the 
desired  frequency.  We  increase  the  waveguide  radius  to 
0.659  cm,  which  requires  a  larger  beam  voltage  and  beam 
current,  and  a  stronger  wiggler  intensity.  The  simulation 
results  in  Fig.  1  show  that  the  efficiency  drops  to  2%  and  the 
bandwidth  decreases  to  8%,  but  the  spatial  gain  increases  to 
0.55  dB/cm,  which  is  due  to  the  larger  beam  current 
employed.  Orbit  trajectories  show  the  quadrupole  focussing 
electron  betatron  orbits. 

We  have  also  carried  out  a  nonlinear  simulation  for  a 
linear  dipole  array  in  a  rectangular  waveguide  near  280  GHz. 
We  modified  the  code  to  analyze  the  rectangular  guide  modes, 
relativistic  particle  orbits  and  gain  in  a  parallel  method  to  the 
helical  case.  Figure  2  illustrates  the  case  of  a  uniform  wiggler 
for  a  280  GHz  signal  with  the  following  characteristics:  V0  = 

10  MeV,  lb  =  3000  A,  q,  =  0.4442  cm  5yz/y0  =  1.5%,  e  = 
42.8  mrad  -  mm,  Bn  =  5  x  104  A/(rad-cm)2  with  B0  =  4.09 
kG, Xw  =  10  cm  ar.d  a  guide  which  is  3.10  cm  square.  The 
TE01  mode  is  injected  at  500  W  with  residual  TM21,  TE03  and 
TE21  mode  excited  at  70  |iW  levels.  The  TM2|  mode  is 
shown  to  compete  substantially  with  the  TEoi  mode  reaching 
28%  of  the  wave  power  near  kwz  =  70.  We  then  add  a 
nonlinear  taper  section  near  kwz  =  141  to  enhance  the 
efficiency.  The  taper  rate  satisfies  the  KMR  equation 
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daw  (z)  /  dz  =  -2kw8ajn(z)sin  Xres-  Figure  3  illustrates 
the  result  of  the  raper  which  starts  at  kwz  =  142  and  enhances 
the  efficency  to  53%  with  a  suppression  of  the  higher-order 
inodes  considered  reduced  to  less  than  5%  of  the  total  power 
at  kwz = 250.  In  addition  we  find  that  the  tapered  wiggler  has 
a  36%  bandwidth  about  280  GHz. 

We  find  that  the  quadrupole  and  dipole  wigglers  offer 
attractive  performance  in  the  mm  range.  We  will  examine 
methods  for  minimizing  the  mode  competition,  optimal  tapers 
and  the  effects  of  space  charge  on  the  performance  in  future 
work. 
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Fig.  2  280  GHz  power  evolution  for  rectangular  modes  with 
a  uniform  linear  wiggler 


Fig.  1  Spatial  evolution  of  circular  TE21  mode  for  the  FEL 
with  a  quadrupole  wiggler  at  300  GHz 


Fig.  3  280  GHz  power  evolution  for  rectangular  modes  with 
a  nonlinear  taper 
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ABSTRACT 

In  this  research  the  feasibility  of  developing  high  efficiency  mm- 
wave  multipliers  in  the  frequency  range  of  130-350  GHz  has  been 
studied.  A  frequency  quadrupler  for  140  GHz,  frequency  doublers 
for  183  GHz  and  230  GHz  and  a  frequency  tripler  for  345  GHz  have 
been  analyzed  and  optimized.  The  development  of  high  efficiency 
frequency  multipliers  is  especially  important  for  the  spaceborne 
mm-wave  and  submm-wave  heterodyne  receivers  used  for  radio 
astronomy  and  remote  sensing  of  the  atmosphere. 

INTRODUCTION 

Recently  we  designed,  constructed  and  tested  a  frequency  doubler 
and  a  frequency  tripler  for  80 — 120  GHz  range  with  very  high 
efficiencies  (highest  efficiency  45  %  and  28  %,  respectively)  (1,2). 
The  optimization  was  based  on  extensive  computer  analyses  and 
scaled  model  measurements. 

In  this  paper  we  report  our  continuing  effort  on  developing 
high  efficiency  mm-wave  multipliers,  now  for  130-350  GHz  range. 
Computer  simulations  (3)  and  scaled  model  measurements  were 
used  for  optimization  of  doublers  for  183  GHz  and  230  GHz. 
Preliminary  measurements  of  the  doubler  for  133  GHz  were  carried 
out. 

Extensive  computer  simulations  were  also  made  to  thorougly 
analyze  a  frequency  quadrupler  for  140  GHz  and  a  tripler  for 
345  GHz.  In  the  case  of  the  quadrupler  emphasis  was  placed  on  the 
study  of  ■'J.timum  idlers  at  the  2nd  and  3rd  harmonics.  While  the 
highest  efficiency  ever  obtained  experimentally  from  quadruplets 
si  ir. m-waves  is  only  a  few  percent  [4],  our  analyses  show  that 
theoretically  over  50  %  efficiency  is  obtainable  when  a  commercially 
available  varactor  is  used.  These  results  are  now  being  used  in  the 
design  of  an  experimental  quadrupler  for  140  GHz. 

DOUBLER 

An  effective  doubler  requires  an  optimum  matched  termination 
at  the  1st  and  2nd  harmonics  and  an  open  circuit  for  the  higher 
harmonics.  Theoretical  calculations  were  carried  out  for  a  doubler 
from  115  to  230  GHz.  The  analyses  showed  that  in  a  lossless 
waveguide  mount  the  efficiency  can  rise  over  50  %  (5)  in  the  region 
of  purely  reactive  multiplication  i.e.  the  diode  absorbed  power 
(Paii)  is  about  10  mW  and  the  reverse  bias  voltage  over  6  V.  With 
high  input  power  levels  the  varactor  is  driven  into  conduction  which 
decreases  this  efficiency.  If  the  multiplication  is  partly  resistive  the 
theoretical  efficiency  is  typically  20-30  %  with  Pau  >  30  mW  and 
reverse  bias  voltage  below  4  V.  The  diode  parameters  used  in  these 
analyses  were:  Co  =  10  fF,  R,  —  14  fi,  ij  =  1.15  and  7  =  0.45, 
which  are  typical  for  varactors  commonly  used  in  this  frequency 
range,  e.g.  VD012  of  Farrsn  Technology. 

Using  these  results  and  observations  from  the  theoretical  and 


experimental  study  of  a  frequency  doubler  for  100  GHz  [1]  a 
crossed  waveguide  doubler  for  230  GHz  and  a  scaled  version  for 
183  GHz  were  designed  and  constructed.  Preliminary  tests  of  a 
doubler  for  183  GHz  were  carried  out.  In  this  doubler  a  VD011- 
varactor  (Co  =  12.5  fF  and  R,  —  12  fi)  was  used.  According  to 
the  measurements  the  highest  efficiency  obtained  was  slightly  over 
20  %  and  typically  10.. .20  %  in  an  output  frequency  range  of  160- 
190  GHz  with  input  power  levels  below  20  mW  (Gunn).  With  high 
input  power  levels  30-100  mW  (klystron)  the  output  power  of  the 
experimental  doubler  was  5-10  mW  in  the  range  of  170-185  GHz. 

The  theoretical  calculations  carried  out  for  VD012  at  230  GHz  are 
approximatively  valid  also  for  VD011  at  180  GHz  range.  The 
high  difference  between  theoretical  and  experimental  data  can 
partly  be  explained  with  high  losses  of  the  multiplier  structure. 
Furthermore  especially  the  diode  7  might  be  smaller  than  the  value 
(7  =  0.45)  used  in  the  calculations.  This  decreases  the  efficiency 
especially  at  the  reactive  region.  However,  it  is  probably  possible 
to  further  increase  the  efficiency  of  the  experimental  doubler  by 
careful  optimization  of  whisker  shape  and  length. 

TRIPLER 

A  frequency  tripler  requires  matched  terminations  at  the  input 
and  output  frequencies,  an  optimum  idler  termination  at  the  2nd 
harmonic  and  an  open  circuit  for  the  4th  and  higher  order  harmonic 
frequencies.  Computer  simulations  were  carried  out  for  a  submm- 
wave  tripler  from  115  GHz  to  345  GHz  using  the  parameters  of 
VD012-var  actor. 

The  intrinsic  efficiency  and  output  power  of  this  tripler  is  shown  in 
Figure  1.  The  operation  of  the  tripler  is  restricted  by  the  diode 
breakdown  voltage  ( Vbr  -14  V  for  VD012)  and  maximum 

.rectified  current  for  safe  operation.  This  current  is  typically 
10  mA  for  mm-wave  Schottky  varactors  available  today.  The 
instantaneous  peak  voltage  accross  the  diode  junction  and  the 
rectified  current  are  functions  of  absorbed  power,  bias  voltage 
and  embedding  impedances  seen  by  the  varactor  at  the  various 
harmonics.  The  dashed  lines  marked  by  10  (mA)  and  14  (V) 
represents  the  situation  when  in  the  case  of  optimum  embedding 
impedances  these  limiting  current  and  voltage  values  are  exceeded. 
An  unoptimized  termination  especially  at  the  3rd  and  4th  harmonic 
changes  the  voltage  (or  current)  waveform  and  increases  the 
instantaneous  peak  voltage  considerably.  In  some  cases  especially 
if  the  input  power  is  high  it  is  possible  to  burn  out  the  varactor  by 
moving  the  output  backshort. 

Reactive  multiplication  turns  partly  to  resistive  when  rectified 
current  starts  to  flow.  This  is  clearly  seen  in  Figure  1:  the  region 
of  purely  reactive  multiplication  is  slightly  below  the  dashed  line 
marked  by  0.1  mA.  The  highest  efficiency  is  obtained  in  this  reactive 
region.  However,  it  cannot  rise  over  30  %  if  safe  operation  is 
required. 
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Figure  1.  Intrinsic  efficiency  and  output  power  of  a  frequency  tripler 
for  345  GHz.  On  the  left  side  of  the  thick  dashed  line  marked  by 
10  (mA)  the  rectified  current  exceeds  10  mA.  Similarly  on  the  right 
side  of  the  thin  dashed  line  the  instantaneous  reverse  peek  voltage 
accross  the  diode  junction  exceeds  14  V.  These  lines  determine  the 
safe  operation  region  of  the  varactor  multiplier. 


QUADRUPLER 

A  quadrupler  is  most  efficient  when  it  has  an  idler  circuit  both  at 
the  2nd  and  3rd  harmonic  frequencies.  The  simulations  showed 
that  with  the  optimum  terminations  at  both  idler  frequencies  it  is 
possible  to  obtain  quadrupling  efficiencies  as  high  as  50-55  %  in  a 
reactive  region  by  using  commercially  available  Schottky-varactors 
(e.g.  VD010,  having  Co  =  19  fF  and  R,  =  10  Q)  at  the  140  GHz 
output  frequency  range.  In  a  quadrupler  having  only  an  idler  at  the 
2nd  harmonic  and  a  highly  inductive  termination  or  an  open  circuit 
at  the  3rd  harmonic  the  highest  efficiency  decreases  down  to  about 
40  %.  The  degradation  of  the  efficiency  was  found  to  be  even  more 
severe  if  the  3rd  harmonic  idler  termination  is  slightly  capacitive.  If 
the  multiplication  is  partly  resistive  typical  efficiencies  are  15. .,30  % 
and  5. ..15  %,  respectively. 

In  a  quadrupler  perfect  idler  terminations  are  of  great  importance. 
In  a  practical  design  it  is  necessary  to  produce  a  good  idler 
termination  for  at  least  the  2nd  harmonic  although  the  exact 
value  of  this  inductive  reactance  is  not  critical.  This  idler 
termination  is  essential  because  the  nonlinearity  of  the  C-V-curve 
of  an  abrubt-junction  varactor  is  not  strong  enough  to  produce 
higher  order  harmonics  effectively.  If  the  current  flow  at  the  2nd 
harmonic  is  permitted  the  input  power  is  converted  first  to  the  2nd 
harmonic  (doubling)  and  further  to  the  4th  harmonic  (doubling) 
By  permitting  the  current  flow  also  at  the  3rd  harmonic  it  is 
possible  to  further  increase  the  quadrupling  efficiency.  In  this 
case  the  varactor  operates  also  as  an  up-converter  by  mixing  the 
fundamental  frequency  with  the  3rd  harmonic. 


In  a  crossed  waveguide  structure  commonly  used  at  the  mm-waves 
it  is  extremely  difficult  to  provide  more  than  one  optimum  idler.  It 
is  also  almost  impossible  to  realize  idler  terminations  which  are 
tunable.  Due  to  this  the  useable  bandwidth  of  the  quadrupler 
becomes  narrower.  Both  of  these  facts  complicate  the  practical 
design. 

An  experimental  quadrupler  based  on  fixed  idler  terminations  is 
under  construction  and  will  be  ready  for  experimental  tests  at  the 
end  of  this  year.  At  the  diode  plane  the  output  waveguide  is  cutoff 
at  the  fundamental  and  2nd  harmonic.  Further  away  from  the 
diode  the  waveguide  size  reduces  by  a  step  so  that  it  is  cut-off  at 
the  3rd  harmonic.  At  this  frequency  the  high  inductance  due  to  the 
step  discontinuity  of  the  waveguide  at  a  distance  of  Xs/4 . . .  Xs/3  is 
transferred  to  a  short  circuit  at  the  diode  plane.  Due  to  this  effect 
the  total  3rd  harmonic  idler  reactance  consists  only  of  the  whisker 
inductance  in  series  with  the  reactance  of  a  coaxial  resonator.  This 
coaxial  resonator  is  used  to  increase  the  inductance  seen  by  the 
varactor  at  the  fundamental  frequency  [2],  At  the  2nd  harmonic  the 
reactance  of  this  resonator  slightly  decreases  the  total  inductance 
formed  by  the  whisker  in  series  with  the  high  inductance  of  the 
cut-off  output  waveguide. 

CONCLUSIONS 

Using  commercially  available  varactors  as  a  frequency  doubler  from 
115  GHz  to  230  GHz  it  is  possible  to  obtain  efficiencies  up  to  50  % 
in  a  lossless  optimized  waveguide  mount.  If  this  same  varactor  is 
working  as  a  frequency  tripler  from  115  GHz  to  345  GHz  the  highest 
efficiency  available  is  only  slightly  over  30  %.  The  highest  efficiency 
obtained  from  an  experimental  doubler  for  183  GHz  was  20.. .22  % 
when  a  VDOll-varactor  was  used. 

In  a  quadrupler  perfect  idler  terminations  are  of  great  importance. 
In  a  practical  design  it  is  necessary  to  produce  a  good  idler 
termination  at  least  for  the  2nd  harmonic  although  the  exact 
value  of  this  inductive  react  mce  is  not  critical.  A  perfect 
termination  at  the  3rd  harmonic  further  increases  the  quadrupling 
efficiency  but  is  usually  difficult  to  realize.  Theoretically,  a 
highly  inductive  termination  at  the  3rd  harmonic  works  better 
than  slightly  capacitive  or  short  circuited  termination.  If  it  is 
possible  to  fully  realize  optimum  terminations  for  every  harmonic 
the  quadrupling  efficiency  can  rise  over  50  %  in  a  lossless  waveguide 
mount. 
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Abstract: 

A  small-signal  and  large-signal  analysis  of  a  traveling 
wave  structure  implemented  by  periodically  loading  a  paraliel-plate 
waveguide  with  QWITT  diodes  is  presented.  The  analysis  starts 
with  a  self-consistent,  large-signal  model  for  the  diode.  The  diode 
model  is  then  coupled  to  a  model  for  the  waveguide  circuit  and 
solved  using  the  harmonic  balance, technique.  The  output  power 
as  a  function  of  frequency  for  three  harmonics  for  a  QWITT 
oscillator  is  determined.  Our  results  emphasize  the  importance  of 
obtaining  the  ac  voltage  modulation  self-consistently  from  the 
circuit  when  calculating  the  output  power  obtained  from  a  QWITT 
oscillator.  The  oscillation  frequency  of  the  multiple-diode  circuit 
is  determined  primarily  by  the  periodicity  of  the  structure.  The 
physical  dimensions  of  the  waveguide  facilitate  monolithic 
fabrication  of  the  oscillator  circuit. 

Introduction: 

Quantum  well  oscillators  are  being  considered  as  potential 
sources  for  the  millimeter  wave  spectrum.  This  is  because  the 
resonant  tunneling  through  quantum  wells  is  an  inherently  rapid 
transport  mechanism,  so  that  the  intrinsic  cut-off  frequency  of  the 
device  is  very  high.  Even  though  the  quantum  well  devices  are 
capable  of  operation  at  high  millimeter  wave  frequencies  [1],  their 
output  power  is  very  low.  We  have  recently  proposed  an 
improved  quantum  well  structure,  the  QWITT  (quantum  well 
injection  and  transit  time)  diode  [2],  In  the  QWITT  structure 
transit  time  effects  are  employed  to  increase  the  output  power  of 
the  diode  [3,  4].  One  way  of  realizing  an  oscillator  using  the 
QWITT  diode  is  to  mount  the  diode  using  a  metallic  post  in  a 
parallel-plate  waveguide.  In  order  to  further  increase  the  output 
power,  a  power  combiner  consisting  of  a  parallel-plate  waveguide 
loaded  periodically  with  QWITT  diodes  can  be  realized  [5]. 

Analysis: 

A  parallel-plate  waveguide  loaded  periodically  with 
QWITT  diodes  is  shown  in  Fig.  1.  The  waveguide  is  modeled  by 
an  equivalent  transmission  line  loaded  with  an  impedance  Zp.  The 
impedance  Zp  is  the  sum  of  the  diode  impedance  and  the  metal 
post  reactance.  A  small-signal  equivalent  circuit  model  for  the 
QWITT  diode  [3]  is  used  to  obtain  the  diode  impedance  as  a 
function  of  frequency.  The  metal  post  inductance,  Xo,  to  first 
order  is  calculated  using  a  conventional  mode-matching  technique 
[6].  The  impedance  Zp  =  Rd+j(X<j+Xo)  is  then  normalized  to  the 
characteristic  impedance  of  the  parallel-plate  waveguide.  Once  the 
impedance  Zp  is  known,  admittance  transformations  are  used  to 
analyze  the  periodic  structure.  The  oscillation  frequency  for  the 
circuit  is  where  the  imaginary  part  of  the  total  admittance  goes  to 
zero.  Using  this  small-signal  analysis  the  oscillation  frequency  of 
the  circuit  as  a  function  of  (a)  the  distance  between  the  posts,  (b) 
the  characteristic  impedance  of  the  waveguide,  and  (c)  the 
impedance  of  the  load,  can  be  determined. 

In  order  to  predict  the  power  and  efficiency  of  the  QWITT 
oscillator  a  self-consistent  large-signal  circuit  model  is  developed. 

The  large-signal  diode  model  [4]  uses  a  piecewise  linearized  fit  to 
an  experimental  dc  IV  characteristic  of  the  quantum  well  to 
describe  current  injection.  Using  the  Ramo-Shockley  theorem  for 
transit  time  effects,  a  numerical  integration  of  the  injected  charge 
pulse  over  the  entire  rf  cycle  is  performed  to  obtain  the  device 
current.  The  electric  field  and  carrier  velocity  in  the  drift  region 


are  assumed  to  be  constant.  The  large-signal  diode  model 
provides  the  current  density  through  the  diode  as  a  function  of  bias 
up  to  three  harmonics.  For  the  large-signal  analysis  of  the 
oscillator  circuit  a  harmonic  balance  scheme  is  used  [7].  In  this 
method  the  circuit  is  divided  into  two  parts,  the  linear  circuit 
region  and  the  nonlinear  diode  region.  A  voltage  waveform  is 
applied  to  both  linear  and  nonlinear  circuits,  and  the  current 
waveform  obtained  from  both  the  linear  and  nonlinear  parts  of  the 
circuit  is  matched. 

Results  and  Discussions: 

Fig.  2  shows  the  large-signal  conductance  and  susceptance 
as  a  function  of  oscillation  frequency  for  a  QWITT  diode  (10  pm 
diameter)  operating  in  the  37t/2  injection  mode.  The  output  power 
at  the  fundamental  frequency  for  a  single  QWITT  diode  using  this 
large-signal  model  is  shown  in  Fig.  3.  The  output  power  for  the 
higher  order  harmonics  is  considerably  lower  than  at  the 
fundamental  frequency.  The  fundamental  output  power  of  the, 
QWITT  diode  as  predicted  by  this  model  is  lower  than  other  large- 
signal  models  for  the  QWITT  diode  [8]  that  assume  perfect 
impedance  matching  by  the  circuit  and  large  ac  circuit  modulation 
(=  50%).  Fig.  4  shows  the  dependence  of  the  output  power  at  94 
GHz  on  T,  the  ratio  of  the  amplitude  of  the  ac  voltage  to  the  dc 
bias  across  the  diode.  At  any  desired  oscillation  frequency  to 
maximize  the  output  power,  the  circuit  is  designed  to  provide 

optimum  ac  modulation,  T.  Table  I  shows  the  physical 
parameters  of  the  QWITT  oscillator  circuit  designed  to  operate  at 
94  GHz.  The  physical  dimensions  of  the  waveguide  facilitate 
monolithic  fabrication  of  the  oscillator  circuit. 

Conclusion: 

We  have  presented  a  large-signal  analysis  of  a  QWITT 
oscillator  implemented  by  loading  a  parallel-plate  waveguide  with 
QWITT  diodes.  The  analysis  uses  a  large-signal  model  for  the 
diode  which  is  then  coupled  to  a  model  for  the  waveguide  circuit 
and  solved  self-consistently  using  the  harmonic  balance  technique. 
The  output  power  as  a  function  of  frequency  for  the  fundamental 
and  three  harmonics  for  a  QWITT  oscillator  is  determined  using 
this  model.  Our  results  emphasize  the  importance  of  obtaining  the 
ac  voltage  modulation  self-consistenily  from  the  circuit  when 
calculating  the  output  power  obtained  from  a  QWITT  oscillator. 
The  oscillation  frequency  of  the  multiple-diode  circuit  is 
determined  primarily  by  the  periodicity  of  the  structure.  The 
physical  dimensions  of  the  waveguide  facilitate  monolithic 
fabrication  of  the  oscillator  circuit. 
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QWITT  diode  or  Resonant 
tunneling  diode 


Fig.  1 :  Schematic  representation  showing  top  and  side  views  ol 
parallel  plate  waveguide  circuit  periodically  loaded  by  QWITT 
diodes  or  resonant  tunneling  diodes. 


Frequency  (GHz) 

Fig.  2:  Large-signal  conductance  and  susceptance  as  a  function 
of  frequency  for  a  QWITT  diode  (10  pm  diameter)  operating 
in  the  3n/2  mode. 


10  100  1000 
Frequency  (GHz) 

Fig.  3:  Output  power  as  a  function  of  frequency  for  a  single  QWITT  diode 
oscillator  obtained  using  a  large-signal  harmonic  balance  circuit  model. 


0.0  0.1  0.2  0.3  0.4 

Gamma  (Vac/'ydc) 

Fig.  4:  Output  power  and  efficiency  as  a  funtion  of  gamma,  the  ratio 
of  the  ac  amplitude  and  dc  bias  for  a  QWITT  oscillator,  showing  the 
optimum  loading  condition  at  94  GHz. 


Table  I:  Physical  Parameters  for  a  QWITT 
Oscillator  designed  to  operate  at  94  GHz 

Width  of  the  parallel-plate  waveguide,  W  =  254  pm 
Thickness  of  the  parallel-plate  waveguide,  L  =  62  pm 
Diameter  of  the  metal  post  and  diode  =  10  pm 
Distance  between  post  and  load  =  561  pm 


Load  Resistance  =  16  ohms 
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ABSTRACT:  This  paper  presents  a  generalized  field 
analysis  method  for  calculating  the  external  circuit 
impedances  looking  outside  from  the  active  devices 
of  some  millimeter  wave  oscillators ,  For  a  simple 
oscillator  model  with  a  radial  disc  and  a  diode 
existing  in  a  rectangular  waveguide,  the  nunerical 
results  are  in  agreement  with  the  experimental  data. 
Impedance  characteristics  for  several  different 
oscillator  configrua ti ons  are  given,  and  seme  useful 
conclusions  for  oscillator  design  are  derived. 

I.  INTRODUCTION 

It  is  well  known  that  there  are  two  difficulties 
existing  in  accurate  computer-aided  design  of 
millimeter  wave  oscillators.  The  first  one  is  the 
accurate  description  of  large-signal  characteristics 
of  active  devices.  The  second  one  is  the  calculation 
of  external  circuit  impedance  looking  outside  from 
the  devices.  Most  work  on  the  first  one  has  been 
done,  but  so  far  people  still  have  not  achieved  very 
satisfactory  results.  Generally,  the  second  one  is  a 
very  complicated  electromagnetic  field  boundary 
value  problem.  Up  to  now  only  a  few  work  on  it  has 
been  done.  Theoretical  study  by  [1]  and  experimental 
investigations  by  [2]  on  the  radial  line  transformer 
in  a  rectangular  waveguide  gave  some  useful 
conclusions  for  oscillator  design,  but  the 
configruation  they  studied  is  quite  different  from 
that  used  in  practice.  This  paper  presents  a 
generalised  field  analysis  method  for  calculating 
the  external  circuit  impedance  looking  outside  from 
the  active  device  of  some  millimeter  wave 
oscillators  that  are  often  used  in  engineering.  The 
numerical  results  for  radial  line  transformer  are  in 
good  agreement  with  that  in  [1]  and  [2].  Impedance 
characteristics  for  several  different  oscillator 
configrua  ti  ons  are  given,  and  some  useful 
conclusions  for  oscillator  design  are  derived, 

II.  THEORY 

A  common  millimeter  wave  oscillator  configruation 
is  shown  in  Fig.l,  where  a,  x  b,  are  waveguide 
dimensions,  d  and  d0  are  the  diameters  of  the 
radial  line  and  the  active  device  respectively.  The 
thickness  of  the  radial  disc  is  neglected,  and 
gere rally  h,b»-h  <\/2  ,  Assuming  only  TM&  mode 
in  the  radial  line  has  been  excited  by  the  active 
device,  then  only  TftSo  modes  are  excited  in  the 
cavity.  Divide  the  whole  cavity  into  five  regions, 
then  the  field  components  in  each  region  are  as 
follows 

In  Region  I 


Ey(R,<p)=  Am  Zm(kR)  cos(mf>)  (1) 

m-o 

J;  An  Zm’(kR)  cos(mf)  (2) 

Zm(kR)=Jm(kR )  Nn(ka)  -  fin(kR)  Jm(ka)  (3) 

Zm'(kR)=Jm'(kR)  Na(ka)  -  Nm’(kR)  Jm(ka)  (4) 

$=-jwt/k,  R=2Vk 
In  Region  II 

By(R,9)-  JifflB  Jm(kR)  +  Cm  Nm(kR)]cos(m<p)  (5) 

m*  o 

Hy(R,9)=$M![BB  Jm’(kR)  +  Q»  I*’(kR)]coe(mf>)  (6) 
In  Region  III 

Ey(R,9)=  Jt'lta  cos[tR(2mrl)sinf/at]exp(fmRcosf)  (7) 

m-o 

HJR,f)=$^Dm{fm  cos?  cos[KR(2m+i)sin9/at]+ 

r  Dim  0 

-t(2m*-l )sinf  sin[KR(2a+l )sinf/a,]/ae}exp(faRcosP) 

1  .  w 

fm  =  [*(2m+l)/a.f  -  k*  (9) 

In  Region  IV 

Ey(R,f)=  J I'fh  cos[irR(2m+l)sinf/a0]exp(-fmRoosf) 

m-o  (10) 

NJR,9)=$^Fk(fm  cos?  cos[tR(2m+l)sin9/a,]+ 

r  m*o 

+%( 2m+l  )sin  f  sin[%R(  2a+l  )sin?/at  ]/a0)exp(  -faRoosf) 

(W 

In  Region  V 

Ey(R,f)=  JsiM  mm(kR)  cos(mf)  +  Ho^fkR)  (12) 

m-o 

HJR,9)=*^Lm  mw’(kR)  cos(mf)  -  *  H?(kR)  (14) 

where  Jm(*),  Na(*)  and  Hn(*)  are  Bessel.,  Nuaann  and 
Hankel  functions  respectively. 

Substitute  these  field  components  into  following 
bomdary  conditions  on  the  interfaces 
fHj,h<y<b., 

=  J  o  <  9  <  2X ,  R  =  d  (15) 

IHf  ,  o  <  y  <  h  , 

x  '  I <  9  <  i* ' 

K  =  \  ~  ~  o  <  y  <  bt  ,  R  =  a,/2  (16) 

'  I «?  , 

t  tEy  ,  h  <  y  <  be  , 

Ey=j  r  o  <  9  <  2%,  R  =  d  (17) 

l  Ey  ,  o  <  y  <  b  , 


<  9  <  2 X,  R  =  d 
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_(&  '£<?<*£' 
1  $?,-}<?<£  , 


<  y  <  b0  ,  R  =  a,/2 


and  apply  a  combined  technique  of  Galerkin  method 
and  Collocation  method  to  the  equations,  the 
following  matrix  equations  can  be  obtained 
immediately. 

(U],B  +  [U]2C  =  [UJ3A  (18) 

(UJf'B  +  [U]SC  =  [U](L  +  C"  (IS) 

IT],  B  +  [T]2C  =  [T]3D  (20) 

[T^B  +  (T]SC  -  [T]6t  (21) 

[U]7B  +  (U]SC  =  [U]SA  +  (U]lgt  +  C  (22) 

(U]„t  +  ( U)UC  =  (T]7D  +  (T]ar  (23) 

where  T  -  (A0,A,  ,...,An)  etc.  are  coefficient 
vectors.  Eliminate  the  vectors  l’,’S,X,D  and  F  from 
the  matrix  equations  above,  yields 

[Q]V=V  _  (24) 

The  coefficient  vector  L  is  then  obtained 
immediately  from  the  equation.  The  external  circuit 
in  Tedance  looking  outside  from  the  diode  is  defined 
as 

Ze  =  2P/IHz  (25) 

wtlGVG 

P  =~Jjjf( lLolZHo(kdo)  Hr;'(kdo)  +  Ifo'fkdo)  H^kdo) 

+  &  Hofkdo)  H'i’ikdo)  +  bo  Hofkdo)  lC(kdo))  (26) 
I  =j  do  (H?(kdo)  +  Lo  Hofkdo)  1/60  (27) 

III.  NUMERICAL  RESULTS 

Typical  numerical  results  of  several  oscillator 
configruations  are  shorn  in  Fig.  2-5.  Following 
conclusions  are  then  derived. 

1.  External  circuit  impedance  equal  to  or  less 
than  In  can  easily  be  achieved  by  adjusting  the 
height  h  of  the  radial  line,  that  is  necessary  for 
matching  the  diode  to  output  waveguide. 

2.  In  region  0-1/4,  the  real  part  of  the  impedance 
Ze  is  inverse  proportional  to  the  radius  d  of  the 
radial  disc,  and  the  imaginary  part  is  proportional 
to  d.  Then,  decreasing  d  is  effective  for  increasing 
resonant  frequency  and  increasing  d  is  useful  for 
matching  the  diode  to  the  output  waveguide. 

3.  The  real  part  of  the  external  circuit  impedance 
is  not  sensitive  to  the  position  of  short  circuit 
when  the  height  h  of  the  radial  disc  is  less,  that 
is  available  to  extend  frequency  bandwidth. 
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ABSTRACT 


Diocotron  stability  properties  in  a  relativistic 
electron  flow  generated  inside  high  power  magnetrons 
are  investigated  within  the  framework  of  a  linearized 
macroscopic  cold  fluid  model.  A  massless  guiding- 
center  approximation  has  been  made  in  this  theoretical 
calculation  to  be  analytically  tractable.  Closed 
algebraic  dispersion  relations  obtained  in  this 
article  are  fully  relativistic  3nd  fully  electro¬ 
magnetic.  Influence  of  the  anode  resonator  effects 
are  also  fully  incorporated.  Numerical  investigation 
of  the  dispersion  relation  is  carried  out  for  a  broad 
range  of  system  parameters  and  results  will  be  pre¬ 
sented. 


INTRODUCTION 

Although  a  magnetron  is  essentially  a  cylindrical 
diode  with  a  magnetic  field  parallel  to  its  axis  which 
provides  the  magnetic  insulation,  it  is  very  instruc¬ 
tive  to  study  a  planar  magnetron  because  of  its 
simplicity.  In  order  to  have  an  efficient  mode 
coupling  between  the  vacuum  waveguide  mode  and  the 
beam  mode,  the  anode  includes  various  kinds  of  anode 
resonators.  Although  there  are  very  successful 
developments  of  the  magnetron  microwave  devices, 
including  the  microwave  oven,  theory  of  the  magnetron 
is  very  primitive  and  ad  hoc.  A  self-consistent 
theory  of  the  magnetron  is  essential  for  the  develop¬ 
ment  of  a  high  power  (>GW)  high  efficiency  magnetron. 
The  major  difficulties  in  developing  the  self- 
consistent  magnetron  theory  are  the  presence  of  the 
anode  resonators  and  of  the  intense  electron  flow  at 
the  cathode. 

In  recent  literature,  we  have  proposed  a  new 
microwave  tube  device  called  "cusptron",  which  has  a 
very  similar  physical  configuration  to  the  magnetron 
with  the  anode  resonators.  The  cusptron  theory  also 
includes  a  high  intensity  electron  flow.  Thus,  making 
use  of  the  mathematical  tools  developed  in  the 
cusptron  theory.  We  derive  a  self-consistent  dis¬ 
persion  relation  for  both  the  planar  and  cylindrical 
magnetrons.  However,  the  derivation  of  the  final 
dispersion  relation  is  restricted  to  a  relatively 
tenuous  electron  layer  satisfying, 

<|b(x)  «  “c  ’  (D 

2 

where  Wpb(x)  is  the  relativistic  plasma  frequency- 
squared  and  «c  is  the  relativistic  cyclotron 

frequency.  In  this  regard,  the  dispersion  relations 
obtained  in  this  article  will  be  very  useful  to 
investigate  the  diocotron  stability  properties  in 
relativistic  magnetrons. 


THEORETICAL  MODEL 

In  a  planar  magnetron,  the  electrons  emitted  at 
the  cathode  move  in  the  y-direction  ExB  drift  motion. 
The  applied  magnetic  field  Bq  =  Be2  s  in  the  z- 

di recti  on  and  provides  the  magnetic  insulation.  The 
anode  resonators  are  basically  a  slow  wave  structure 
commonly  used  in  various  microwave  devices.  Thus,  the 
phase  velocity  of  the  vacuum  waveguide  mode  can  be 
less  than  the  speed  of  light.  Of  course,  the  typical 

<‘1<:  n  flow  mode  is  w  =  kV^(x)  where  w  and  k  are  the 

/  and  the  wavevector  of  the  perturbations,  and 
•y  he  electron  flow  velocity  in  y-direction.  This 

beam  mode  intersects  the  vacuum  waveguide  mode  in 
the  (w,k)  parameter  space,  thereby  ensuring  that  the 
electron  kinetic  energy  is  transferred  into  the 
electromagnetic  energy. 

For  the  present  purposes,  we  specialize  to  the 
class  of  equilibrium  profiles  in  which  nb(x)/Y.(x)  = 
const,  over  the  layer  cross  section,  and  the 
linearized  Maxwell  equations  are  assumed  to  be 
extraordinary-mode  eigenvalue  equation.  Assuming  a 
low  frequency  perturbation,  the  eigenvalue  equation  is 
express  as 

*(X)  -  kZ  [1  -  +  -f^-]  4{X) 

3x  c  k  c  k  (2) 


k$ 

u  -  kVy(x) 


u  -|  a  p  tlpb  x  -1 
ckJ  5x  L  J  * 


in  the  limit  of  a  massless,  guiding-center  fluid. 

Here,  the  effective  potential  4{x)  is  defined  by 
$(x)  =  i£y(x)/k  and  t^(x)  is  the  diocotron  frequency. 

In  solving  the  eigenvalue  equation  (2),  the 
boundary  conditions  must  be  correctly  determined, 
including  the  important  influence  of  the  anode 
resonators.  Selecting  a  proper  boundary  condition, 

and  defining  the  parameters  by  q2  =  (w2/c2)  -  k2  - 

<^/c  ,  p  -  («  /c  )  -  k  ,  X  =  qxb,  and  £  =  pxb, 

we  eventually  obtain  the  dispersion  relation  of  the 
diocotron  instability  in  a  planar  magnetron.  That  is 

-3-  m  yA  <-L\  -  P.  cos  £  +  Gsing  q  .  ... 

w-kVd  u  c  ck'  k  suu  -  (5cos£  £  cotA  > 

for  the  extraordinary-mode  perturbations  in  an 
electron  layer.  Equation  (3)  determines  the  complex 
scillation  frequence  win  terms  of  the  wavenumber  k 

and  layer  parameters  i^,  Vd,  xc  -  x  ,  etc.  In  the 
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dispersion  relation  in  Eq.  (3),  we  note  that 
perturbations  on  the  outer  surface  of  the  electron 
layer  (the  left-hand  side)  are  coupled  to  electro¬ 
magnetic  waves  whose  phase  velocity  is  slowed  down  by 
the  anode  resonator  structure.  The  dispersion  rela¬ 
tion  of  Eq.  (3)  is  fully  electromagnetic  and  valid  for 
relativistic  electron  flow  in  the  limit  where  the 
electrons  are  treated  as  a  massless,  guiding-center 
fluid. 

Shown  in  Fig.  1  is  the  normalized  growth  rate 
«jXc/c  and  real  oscillation  frequency  i^/c 

numerically  obtained  from  Eq.  (3)  for  the  parameters 
xc/xb  =  9,  L  =  2.5cm  xc/xa  =  2.25,  xc  =  4.5cm,  Vd/c  = 

0.1,  o^/c  =  0.9,  and  i=l.  Obviously,  a  significant 

growth  rate  of  instability  occurs  at  k  =0,  which  means 
the  space  wave  number  k$  =  2n/L  from  2nt=  (k  -  k$) 

L.  Here  L  is  the  periodic  length  of  the  anode 
resonators.  The  space  wavenumber  ks=2n/L  is 
identified  by  the  well  known  2nmode  perturbation 
where  the  phase  shift  between  two  adjacent  anode 
resonators  is  2n.  The  growth  rate  of  this  2ttmode 
perturbation  is  significant  enough  so  that  an  intense 
microwave  radiation  can  be  obtained  from  this 
instability  mechanism.  A  similar  analysis  has  been 
also  carried  out  for  a  cylindrical  magnetron. 

However,  we  note  from  Fig.  1  that  there  are  two 
branches  of  unstable  modes.  One  is  the  low  frequency 

ft  ft 

mode  represented  by  ur  and  «r  which  is  the  usual 
diocotron  instability.  The  other  one  is  the  high 
frequency  mode  represented  by  w"  and  which  is  a 

high  radial  mode  instability.  Obviously,  the 
diocotron  instability  is  the  dominant  unstable  mode. 
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Fig.  1.  Growth  rate  and  real  frequency  obtained 
from!  Eq.  (3). 
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Abstract 


This  paper  describes  a  power  combining  system 
using  two  push-pull  power  amplifiers.  Power  ampli- 
ers  using  two  different  type  phase  inverter  were 
proposed  and  tested  at  5-GHz  band.  Bandwidth  of 
these  power  combining  systems  were  1.65  GHz  and  1.8 
GHz,  respectively,  and  either  of  their  output  power 
were  14.5  W. 

I. Introduction 

The  development  of  the  solid-state  high  power 
amplifiers  becomes  active.  Aiming  at  the  im¬ 
provement  of  the  output  power  of  the  amplifiers, 
several  papers  concerning  the  power  combining  amplifier 
structured  by  mounting  multiple  number  of  IMPATT's 
in  a  rectangular  waveguide  cavity  or  in  a  circular 
cavity  have  already  been  published  1),2).  They  used 
cavities,  and  hence  the  combining  efficiency  was 
superior.  But,  because  of  their  low  handling  power 
of  IMPATT's  Che  combined  output  remained  at  low 
levels.  Also,  broadband  characteristic  could  not  be 
obtained  because  of  their  cavity  structures. 

After  GaAs  FET's  became  available  in  microwave 
region,  GaAs  FET's  became  to  be  used  to  build  power 
combining  amplifiers ,  wherein  they  are  connected 
through  a  power  divider  or  a  3  dB  directional  coupler. 
The  combined  power  amplifier  is  further  combined  to 
get  still  higher  power  levels. 

This  power  combining  system  gives  no  additional 
distortion  on  its  signal  because  the  amplifiers  are 
working  in  class  "A". 

The  power  combining  using  two  push-pull  power 
amplifiers  4)  had  been  repoted  already.  J.  R.  Lane 
and  R.  G.  Freitag  4)  tried  to  power  combining  two 
class  "B"  push-pull  power  amplifiers.  They  reported 
that  the  bandwidth  of  the  power  combining  was  1  GHz 
and  the  maximum  output  power  obtained  was  4  W. 

The  present  author  also  proposed  a  power  com¬ 
bining  system  using  push-pull  power  amplifiers  5). 

The  bandwidth  and  the  combining  output  power  of 
this  two  class  "AB,"  push  pull  amplifiers  6)  are  1.7 
GHz  and  14.5  W. 

The  bandwidth  of  the  power  combining  amplifier 
of  this  experiment  is  wider  by  0.7  GHz  than  that  of 
the  amplifier  by  J.R.  Lane,  and  the  combining  power 
is  large  by  10.5  W. 

2.  Structure  of  the  power  combining 
amplifiers 


The  power  combining  amplifier  was  constructed 
by  connecting  two  class  "  AB2"  push  pull  power 
amplifiers  of  the  frequency  range  4.6  -  6.3  GHz  bands 
to  a  coaxial  power  divider.  The  circuit  diagram  of 
this  power  combining  amplifier  is  shown  in  Fig.  1. 

As  shown  in  Fig.  1,  the  frequency  bandwidth  of  a 
pre-amplifier (HP  8349)  was  2-20  GHz  and  the  output 
power  was  20  dBm.  Two  amplifiers  were  connected  in 
cascade.  The  output  of  the  cascade  amplifiers  was  sup¬ 
plied  to  the  input  of  the  exciter  amplifier.  The  exciter 
amplifier  was  a  balanced  amplifier.  The  output  power 
of  this  balanced  amplifier  is  fed  to  the  input  of  two 
push-pull  amplifier. 

FET's  used  in  those  two  push-pull  amplifiers  and 
the  exciter  amplifier  were  internary  matched  Avantek 
IM-5459-3.  The  frequency  characteristic  of  each  power 
amplifier  was  flat  from  4.3  to  6  GHz.  The  bandwidth 
was  2.05  GHz,  and  the  output  power  was  34.5  dBm  5). 

These  power  amplifiers  were  used  for  the  exciter 
amplifier  and  two  push-pull  power  amplifiers. 

As  shown  Fig.  1,  as  the  phase  inverter  con¬ 
nected  to  the  input  and  the  output  sides  of  the  push 
pull  amplifier  two  different  kinds  were  used  thing 
(see  Figs.  2  and  3). 


Driver/Final  amplifier 
. * . 1 


. 1. . J' 

Phase  Phase 

inverters  inverters 


Fig.  1  Block  diagram  of  the  power  combining  system 
using  two  push  pull  power  amplifiers 

3.  Experimental  result  of  the  power 
combining  amplifier 

The  photograph  of  the  power  combining  amplifier 
is  shown  in  Fig.  2.  As  shown  in  Fig.  2,  the  frequen¬ 
cy  range  of  the  class  "A"  power  amplifier  using  the 
push-pull  amplifier  is  4  -6.4_GHz«The  bandwidth  is 
2.05  GHz,  and  the  output  power  is  3  W.  The  four 
power  amplifiers  with  the  same  characteristic  were 
used.  Using  the  push-pull  amplifier  for  this  power 
amplifier  ,  the  drain  voltage  is  constant.  It  was 
confirmed  from  the  observation  used  a  network 
analyzer  that  the  input  and. output  matching  had  no 
problem  when  voltage  between  gate  and  souce  was 
varied  from  class  "A"  to  "AB2". 

In  the  power  combining  amplifier  shown  in  4). 
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Phase 
sinverter 


Amplifier  2  „ .  . 
Amplifier  1 


jr- 


Phase 

— - - inverters 

11  Amplifier  4jf' 

Fig.  2  Photograph  of  the  power  combining  amplifier 


{S'  i  !^Wjtoplifier  3* 

S  r 

/  r"  ^^^Ampiifier  4  ^  ?!  inverters 

Fig.  3  Photograph  of  the  power  combining  amplifier 


two  class  "B"  push-pull  power  amplifiers  were  used. 
The  maximum  power  efficiency  of  the  class  "B"  push 
pull  power  amplifier  is  theoritically  V8  5  %.  But 
since  the  transfer  characteristic  of  the  FET's  is 
nonlinear  in  the  vicinity  of  the  cutoff  point,  the 
cross-over  distortion  occurs  in  the  operation  of 
class  "B"  amplfication.  In  order  to  avoid  this 
closs-over  distortion,  the  bias  voltage  must  be 
shiftied  from  class  "B"  to  class  "AB". 

Because  of  the  reason  mentioned  above,  the  bias 
voltages  of  the  amplifiers  tested  here  were  shifted 
to  that  of  the  class  "AB2"  oparation. 
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Fig.  4  Frequency  characteristic  of  the  push  pull 
power  combining  amplifier  shown  in  Fig.  2 
(A  dotted  line  represents  the  frequency 
characteristic  of  the  push  pull  power 
combining  amplifier  shown  in  Fig.  3) 

The  push-pull  power  combining  amplifier  shown 
in  Figs  2  or  3  was  connected  in  cascade  with  the 
pre-amplifier  and  exciter  amplifier  shown  in  Fig.  1. 
Experiments  were  carried  out  at  the  5  GHz  band.  The 
output  frequency  characteristics  of  two  different 
type  push-pull  power  combining  amplifiers  are  shown 
in  Fig.  4.  The  solid  line  shown  Fig.  4  indicates 
the  frequency  characteristic  of  the  nush-pull  power 


combining  amplifier  shown  m  fig.  2.  The  output  power 
and  the  bandwidth  obtained  of  the  push  pull  power 
combining  amplifier  are  14.5  W(41.6  dBm)  and  1.65  GHz 
A  dotted  line  shown  in  Fig.  4  indicates  the  frequency 
characteristic  of  the  push-pull  power  combining 
amplifier  shown  in  Fig.  3.  The  output  power  is  the 
same  with  that  of  Fig.  2.  The  obtained  bandwidth  is 
1.8  GHz,  which  is  better  by  0.15  GHz  than  that  of 
Fig.  2.  This  slight  improvement  in  the  bandwidth  is 
thought  to  be  brought  about  by  a  better  frequency 
characteristic  of  the  phase  inverter  used  in  Fig.  3. 
The  bandwidth  of  the  class  "A"  single  power  amplifier 
is  2.05  GHz. 

Comparision  of  the  result  in  the  bandwidth  of 
the  class  "A"  single  power  amplifier  and  the  band¬ 
width  of  two  different  power  combining  amplifiers 
shows  that  the  bandwidth  of  the  power  combining 
amplifier  shown  in  Figs.  2  and  3  aie  narrower  by  0.4 
GHz  and  0.25  GHz,  respectively,  than  that  of  the 
class  "A"  amplifier. 

Since  the  bandwidth  of  the  phase  inverter  used 
in  the  push-pull  power  combining  amplifier  shown  in 
Fig.  2  was  only  2.3  GHz  at  a  center  frequency  of 
5.65  GHz,  the  obtained  bandwidth  of  the  amplifier 
was  1.65  GHz. 

The  frequency  characteristic  of  the  phase  in¬ 
verter  used  in  the  push-pull  power  amplifier  shown 
in  Fig.  3  is  superior  to  that  used  in  Fig.  2.  Since 
the  phase  angle  of  S-parameter  S2j  of  four  power 
FET's  were  not  uniform  of  frequencies  below  4.65  GHz, 
the  power  output  of  the  amplifier  dropped  below  those 
frequencies. 

When  those  four  FET's(IM-5459-3)  used  in  the 
present  amplifiers  are  operated  in  the  balanced-type 
operation,  the  output  power  is  expected  to  be  12  W 
with  assuming  a  100  %  efficiency.  In  the  present 
experiment,  where  the  same  FET's  are  used  in  two 
push-pull  power  amplifiers,  obtained  output  power 
war  14.5  W. 

The  mesurement  of  the  input-output  character¬ 
istics  and  third-order  intermodulation  distortion  of 
the  power  combining  amplifier  shown  in  Figs.  2  and  3 
done  using  a  spectrum  analyzer  with  two  signal 
having  equal  amplitude  at  frequencies  5.5  GHz  and 
5.502  GHz.  The  intercept  point  was  57.8  dBm. 

REFERENCES 

1)  S.  Toyoda  "  Waveguide  Type  Power  Combining 
Amplifiers"  Trans.  IE1CEJ,  Vol.  J  68-B  No.  6  PP. 
707-713  June  1985 (in  Japanese). 

2)  S.  Toyoda  "Multiple-Diode  Reflection-Type  Ampli¬ 
fiers  Using  IMPATT-Diode"  Trans.  IEICEJ,  Vol.  J68 
-BKo.  9  PP.  1029-1035  September  1985(in  Japan) 

3)  P.M.  Chirlian  "Electronic  Circuits:  Physical 
Principles,  Analysis  and  Design",  McGraw-Hill, 

4)  J.  R.  Lane  et  al.  "High-Efficiency  1-,  2-,  and 
4-W  class"B"  FET  power  Amplifiera",  IEEE  Trans., 
Microwave  Theory  and  Technology,  Vol.,  MTT-34, 

No.  12  December  1986. 

5)  S.  Toyoda  "Push-pull  Amplifier  Using  GiAs  FET" 
Tech.  Rep.  1EICE. ,  Japan,  MW87-67  November  1987. 

6)  S.  Toyoda  "Power  Combining  System  Using  Two  Push 
pull  Power  Amplifiers",  Nat.  Conv.  IECE. ,  Japan 
C-666(1988). 


55 


MS.  6 


QuasL-Opbcal  Resonator  fee  Millimeter  and 
Subraillimeter  Wave  Sdlid-State  .Sources 

Marishige  IOEDA,  Masatoshi  NAKAYAMA,  Kqji  MIZUNO 
Toshihiro  AJIKATA  and  David  B.  RUTLEDGE*) 

Research  Institute  of  Electrical  Com  munication 
Tohoku  University,  Sendai  980,  Japan 

*)Califomia  Institute  of  Technology  Pasadena,  CA  91125,  U.S.A. 


ABSTRACT 

A  new  cavity  for  millimeter  and  submillimeter 
wave  solid-state  oscillators  is  demonstrated.  The 
resonator  consists  of  a  Fabry-Perot  resonator  with  a 
grooved  mirror.  It  has  a  capability  for  power  com¬ 
bining.  Experimental  results  from  X-band  models  of 
the  resonator  are  presented.  Frequency-locking  and 
power-combining  with  six  Gunn  diodes  are  demon¬ 
strated. 


INTRODUCTION 

Recently  many  kinds  of  oscillators  are  devel¬ 
oped  in  the  millimeter  and  submillimetcr  wave  re¬ 
gion.  Solid-state  devices  have  many  advantages: 
small  size,  low  weight,  and  low-voltage  power 
supplies.  As  the  frequency  increases,  however,  out¬ 
put  power  becomes  smaller  and  the  dimensions  of 
conventional  waveguide  cavities  become  very  small. 
Young  and  Stephan  demonstrated  power-combining  in  a 
quasi-optical  resonator  of  two  devices!  1],  Popovib 
et  al.  proposed  and  demonstrated  power-combining 
using  grid  oscillators  with  FET's  at  10GHz(2].  Mink 
gave  a  theoretical  analysis[3].  We  have  proposed  a 
Faory-Perot  resonator  with  a  grooved  mirror  for 
solid-state  oscillators^].  We  report  here  X-band 
model  experiments  on  up  to  six  Gunn  diodes  using 
this  cavity. 


CONFIGURATION 

The  configuration  of  the  model  resonator  is 
shown  in  Figure  1.  It  consists  of  a  grooved  mirror 
and  a  concave  spherical  mirror  facing  each  other. 
Figure  2  shows  the  structure  of  the  grooved  mirror. 
The  groove  pitch  must  be  less  than  half  of  oscil¬ 
lator  wavelength  to  avoid  diffraction  losses!5).  We 
have  chosen  0.28X  (X=wavelength)  at  10GHz  for  groove 
pitch  D  in  this  experiment.  The  width  of  the  groove 
pitch  d  is  0.08X,  it  is  equal  to  Gunn  diodes  height. 
The  Gunn  diodes  are  mounted  in  grooves  anu  biased  by 
the  top  and  the  bottom  plate  of  each  groove.  These 
plates  are  insulated  by  thin  teflon  tape.  The  Gunn 
diodes  are  JRC  NJX4410  and  typically  produce  8m W  in 
a  waveguide  cavity.  The  groove  depth  t  can  be  con¬ 
tinuously  adjusted.  The  size  of  the  grooved  mirror 
is  5.0Xx5.0X.  This  is  large  enough  for  the  bet.n 
waist  size(2. 5 X4>)  on  the  mirror  surface.  Output 
power  is  taken  out  by  a  coupling  hole  at  the  center 
of  the  spherical  mirror. 

The  resonator  proposed  has  the  following  ad¬ 
vantages  :  it  has  a  large  heat  dissipation  capacity, 
can  mount  large  number  of  devices,  is  lager  enough 
than  wavelength,  and  can  be  used  with  a  single  bias 
source. 


EXPERIMENTS 

Figure  3(a)  shows  the  oscillation  spectrum  for 
a  single  Gunn  diode  mounted  at  the  center  of  the 
grooved  mirror.  Figure  3(b)  shows  the  spectrum  for 
six  diodes  (three-by-two  grid).  We  have  succeeded 
in  frequency  locking  and  power  combining  for  the  six 
diodes.  It  can  be  seen  that  the  spectrum  for  six 
diodes  is  much  narrower  than  that  for  a  single 
diode.  We  supplied  the  same  bias  voltage  to  six 
diodes  and  adjusted  each  groove  depth  to  lock  to¬ 
gether.  The  depth  of  each  groove  was  about  X/2.The 
spacing  between  diodes  in  a  groove  have  been  chosen 
experimentally.  We  had  good  results  with  the  spacing 
of  X/2. 

Figure  4  shows  how  the  oscillation  frequency 
varies  with  the  length  of  the  resonator  with  six 
diodes.  We  can  identify  the  modes  (TEM00,  TEM20)  by 
measuring  field  distribution  through  moving  a  small 
piece  of  absorber  around  in  the  resonator.  The 
mechanical  tuning  range  is  about  8%  for  the  funda¬ 
mental  (TEM00)  mode. 


CONCLUSION 

We  have  demonstrated  a  new  resonator  for  solid- 
state  sources  and  succeeded  in  locking  and  power¬ 
combining  for  six  Gunn  diodes  at  X-band. 
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ABSTRACT 


The  diocotron  instability  for  sheared,  re¬ 
lativistic  electron  flow  in  a  planar  diode  geometry 
with  major  fields  Ex(x),  Bz(x),  and  Vy(x)  has  been 
studied  numerically  by  using  a  two-dimensional 
electromagnetic  relativistic  particle-in-cell  code. 
The  growth  rate  and  real  oscillation  frequency  are 
obtained  and  compared  to  the  analytical  results  for 
tenuous  electron  flow. 


INTRODUCTION 

The  diocotron  instability  is  one  of  the  most 
common  instability  in  any  of  the  cross  field  devices 
which  has  been  studied  extensively  by  many  authors  in 
the  past  few  decades.  However,  we  are  more  interested 
in  the  case  of  relativistic  electron  flow,  including 
the  important  influence  of  electromagnetic  effects. 
Recently  detailed  properties  of  the  diocotron  in¬ 
stability  for  sheared,  relativistic  electron  flow  in  a 
planar  diode  geometry  with  major  field  Ex(x),  Bz(x) 
and  Vy(x)  have  been  studied1  analytically  by  using  the 
linearized  cold-fluid-Haxwell  equations.  The  theory 
indicated  that  relativistic  and  electromagnetic 
effects  which  have  been  taken  into  account  in  the 
analysis  can  have  a  strong  stabilizing  influence  on 
the  diocotron  instability.  Due  to  the  limitation  of 
the  steady-state  and  linear  analytical  stability 
analysis,  an  attempt  is  made  to  simulate  the  in¬ 
stability  numerically  by  using  a  two-dimensional 
electromagnetic  relativistic  particle-in-cell  code. 

The  code  has  a  nice  feature  for  fully  relativistic 
charged  particles  with  self-consistent  electric  and 
magnetic  field.  Furthermore,  it  is  capable  of 
modeling  the  transient  behavior  and  not  just  steady 
state  operation.  For  the  proof  of  principle  ex¬ 
periment,  we  have  chosen  to  simulate  the  linear 
stability  of  diocotron  instability  in  planar  diode 
geometry.  Particularly,  low-frequency  perturbations 
about  a  tenuous  electron  layer  is  considered  where  the 
analytical  results  are  readily  available  for  compar¬ 
ison.  The  relativistic  flow  parameter  and  geometric 
configuration  are  to  be  varied  to  simulate  the  insta¬ 
bility. 


EQUILIBRIUM  MODEL 

For  a  sheared,  relativistic  electron  flow  in  a 
planar  diode,  we  simulate  the  low-frequency  flute 
perturbations  about  a  tenuous  electron  layer  satifying 

wpb(x)  “  wc  (1) 

|w  -  kVy(x)|2  <<  w2 

where  ul.  and  are  plasma  and  cyclotron  frequencies 
i*1'  c 


respectively  and  Vy  is  the  E^  x  B  electron  drift 
velocity.  For  the^class  of  selT-consi stent  equilibria 
where  nb(*)/Yb(x)  =  const,  the  electron  layer 

(x“  <  x  <  xj)  has  the  equilibrium  density  profile 
nb(x)  =  nfa  cosh  [k(x  -  xb)]/cosh  [k(xb  -  x^)]  (2) 

Yb(x)  =  cosh  [k(x  -  x“)]  (3) 

For  the  initial  conditions,  the  particles  are 
loaded  according  to  the  nonuniform  distribution  of 
density  specified  in  (2).  The  particles  pick  up  their 
kinetic  energy  with  the  expression  of  (3).  Space- 
charge-limited  flow  with  zero  tangential  electric 
field  at  the  cathode  and  certain  electrostatic 
potential  at  the  anode  are  assumed.  Then  the  par¬ 
ticles  are  all  set  to  evolve  under  the  influence  of 
external  applied  voltage  and  magnetic  field.  The 
electric  field  and  the  axial  magnetic  field  are 
determined  self-consistently  from  the  Maxwell  equation 
as  the  simulation  continues. 


SIMULATION  RESULTS 

For  the  beam  parameters  chosen,  we  set 

p  p 

o£b  *  0.1  <£  which  satisfies  condition  (1)  for  tenuous 
beam.  The  inner  and  outer  beam  layers  are  located 
initially  in  Aj  =  0.5  and  ^  =  0.3  respectively 
where  =  x^/d  and  ^  =  (d  -  xb)/d.  For  the 

configuration  with  axial  length  (L  =  16cm)  and  gap 
distance  (d  =  12cm),  the  electron  particles  are  loaded 
initially  according  to  (2)  and  (3).  Note  that  the 
equilibrium  £  x  B_  flow  velocity  of  the  electron  layer 
is  maximum  at  the  outer  surface  and  zero  at  the  inner 
surface.  The  perturbation  on  the  outer  surface  of  the 
electron  layer  are  coupled  to  perturbations  on  the 
inner  surface  of  the  layer  through  the  body  wave 
perturbations  within  the  layer.  As  a  result,  the 
electron  layer  evolves  to  that  shown  in  Fig.  1  after 
2.56nsec.  It  is  belived  that  the  diocotron  insta¬ 
bility  has  grown  unstable  with  the  wavenumber 
satisfying  k=2rN/L  where  N  is  any  integer.  The  time 
evolution  of  total  field  energy  and  particle  kinetic 
energy  are  shown  in  Fig.  2  and  Fig.  3  respectively. 

We  can  see  clearly  two  different  frequencies  of 
oscillation.  The  one  with  fast  oscillation  has  been 
identified  as  cyclotron  wave.  The  other  beat  wave 
type  oscillation  with  longer  wavelength  is  due  to  the 
natural  wave  oscillation. 

It  is  intended  to  simulate  the  linear  instability 
properly  with  single  wave  (w,k)  satisfying  the  linear 
dispersion  relation,  so  chat  we  can  compare  our 
results  to  the  analytical  solution.  As  we  normally  do 
in  the  linear  analysis,  we  could  fix  k  and  try  to  find 
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the  growth  rate  and  real  oscillation  frequency.  Here 
we  adapt  the  technique  of  small  number  density 
perturbation,  i.e.,  n(t=0)  =  nQ  +  tti  cos  (kx). 
where  k  =  2*/L,  d  =  18cm,  L  =  22.6cm,  4j  =  0.3, 

Aq  =  0.6  so  that  kd  =  5  and  6  =  0.42.  This  set  of 
parameters  allows  us  to  compare  our  results  directly 
to  the  analytical  results  of  Fig.  7  in  reference  1. 

The  electron  layer  has  been  perturbed  with  fixed  k  and 
evolved  to  that  shown  in  Fig.  4  after  1.28  nsec.  If 
we  examine  carefully  the  phase  velocity  of  the  wave 
motion,  the  normalized  real  frequency  Re^/ck  =  0.24  is 
obtained.  For  the  growth  rate,  we  plot  the  total 
energy  of  axial  electric  field  versus  time  in  Fig.  5, 
the  normalized  growth  rate  InWck  =  0.15  is  calcu¬ 
lated.  The  simulation  results  agree  extremely  well 
with  the  analytical  results.  Again,  this  is  just  a 
proof  of  principle  experiment.  The  code  will  be  used 
to  study  nonlinear  problems  of  beam  dynamics  especial¬ 
ly  in  complex  geometries  where  analytical  work  or 
simple  modeling  is  difficult. 

^iocotron  instability  for  intense  relativistic 
nonneutral  electron  flow  in  planar  diode  geometry,  R. 
D.  Davidson,  et  al,  Phys.  Fluids,  1988. 

♦This  work  is  supported  by  IR  at  NSWC  and  by  SDIO/IST. 
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ABSTRACT 

Stable  and  low  noise  operation  of  a  Josephson  parametric 
amplifier  has  been  obtained  at  9GHz.  Best  performance  was 
acheived  in  the  externally  pumped  modes  giving  a  double 
side-band  noise  temperature  of  3±4K,  a  gain  of  13B,  and  an 
instantaneous  bandwidth  of  310MHz.  An  operation  mode  that 
uses  the  internally  generated  Josephson  oscillation  as  the  pump 
source  gave  higher  noise  (~50K)  due  to  the  broad  width  of  the 
pump. 

INTRODUCTION 

The  non-linear  inductive  response  of  a  Josephson  junction 
is  suitable  for  parametric  amplification.  A  negative  effective 
resistance  cancels  the  load  resistance  at  the  signal  frequency  (fs) 
giving  rise  to  a  substantial  signal  gain  transfering  power  from  a 
pump  (p). 

We  have  recently  reported  [1]  ,veiy  low  noise  at  9  GHz  for 
a  four  photon,  externally  pumped  amplifier  using  shunted  tunnel 
junctions,  see  Fig.l.  The  circuit  is  stabilized  by  a  low 
BLQ-va'ue.  (BL=2eI0L/h,  I0  is  the  critical  current  of  the  tunnel 
junction,  L  the  shunt  inductance.  The  Q-value  of  the  LC 
resonance,  co2=l/LC,  is  given  by  Q=oiZlC  if  circuit  losses  are 
assumed  negligible,  C  is  the  tunnel  junction  resistance  and  Zl 
the  load  resistance  at  the  resonance  frequency  Co/2tc).  In 
particular,  a  novel  transformer,  that  is  used  to  match  the  low 
impedance(~0.5Q),  shunted  junction  to  the  external  world, 
allows  the  use  of  a  sufficiently  high  Io(~50pA)  to  avoid 
thermally  induced  instabilities.  A  choice  of  GlQ  below  but  close 
to  1  is  essential.  Such  parameters  will  not  only  give  stable  but 
also  high  gain  since  the  Josephson  negative  resistance  will  be 
close  to  Zl. 

This  report  will  touch  upon  some  of  the  aspects  of  the  low 
noise  amplifier,  describe  its  operation  in  the  three  photon 
externally  and  the  four  photon  internally  pumped  modes,  and 
give  an  improved  value  of  T(jsb=3±4K  for  the  externally 
pumped,  four  photon  mode. 


FABRICATION  AND  MEASUREMENTS 

Nb/oxide/PbBi  (or  Pb)  tunnel  junctions  were  fabricated  by 
evaporating  PbBi  strips  across  ion  beam  oxidized  Nb  films  via 
holes  in  SiO.  The  junction  size  was  30x19  pm.  The  shunt  was  a 
series  combination  of  a  Pb  inductor  and  a  CrAu  resistor.  The 
circuit  layout  and  fabrication  is  described  elsewhere  [2j. 

Josephson  Oscillations:  The  Josephson  oscillations 
that  occur  at  finite  bias  voltage  can  be  used  as  a  diagnostic  tool, 
e.g.,  to  determine  the  resonance  frequency,  the  bandwidth  of  the 
transformer,  and  the  stability  of  the  oscillations.The  oscillation 
linewidth  results  from  thermal  voltage  noise  in  the  shunt 
resistor.  It  was  determined  to  be  830  kHz  for  Rs=17.5m£2  and 
T=1.22K.  This  is  close  to  the  calculated  value,  890  kHz.  The 
linewidth  did  not  change  appreciably  with  bias  voltage  or  critical 
current  (I0<65pA). 

Externally  Pumped  Modes:  The  three  photon  amplifier 
(fs+fpfp,  i=idler)  has  to  be  current  biased  at  zero  voltage.  An 
example  is  given  in  Fig.  2a  where  a  Josephson  current  of  39  pA 


(tuned  by  a  magnet)  is  suppressed  to  14.5  pA  by  the  pump 
power  and  biased  at  10  pA.  By  comparing  the  reflected  signal 
from  the  amplifier  (biased  as  described)  with  the  one  from  the 
same  junction  with  no  bias,  pump,  or  magnetic  field,  a  signal 
gain  of  1 1 .6  dB  is  calculated. 

The  externally  pumped  four  photon  mode  (fs+fp2fp) 
performs  similarly.  It  is  unbiased  and  has  an  I0  of  49  pA 
without  pump  power.  At  9.00  GHz,  a  signal  gain  of  1 1.8  dB  is 
evaluated  and  it  varies  smoothly  over  the  pass  band.  Essentially 
no  extra  noise  is  added  in  the  amplifying  state,  see  Fig.  2b. 

Hot/Cold  Noise  Measurements:  The  noise 
temperature  estimate  of  the  last  section  (Tn=0K  for  both  modes) 
has  a  limited  accuracy.  A  better  way  is  to  use  the  hot/cold 
method.  Here,  the  signal  is  a  broad  band  noise  source  and  its 
temperature,  T;n,  is  varied.  The  output  noise  power  is  related  to 
Tin  by  Pn=kBAfGcjs(j(T(]sb+Tjn)  where  Af  is  the  bandwidth  of 
the  measurement  and  G^sb  and  Tdsb the  double  side  band  gain 
and  noise  temperature.  (The  linear  relationship  is  valid  if 
Tjn»hf/kB,  which  is  about  0.5K  in  the  X-band).  As  we  use  a 
cold  attenuator  and  circulator,  Tin  can  be  varied  from  5  to  13K 
and  an  accurate  estimate  of  a  small  T(js{,  can  be  made. 

Fig.  3  shows  the  linear  relation  between  Pn  and  Tjn  for  the 
four  photon  amplifier.  A  least  square  fit  gives  G<jsb=  12.9  dB 
and  T(jsi?=3±4K  at  9.00  GHz.  The  relationships  for  two  other 
frequencies  within  the  instantaneous  bandwidth  of  310  MHz  are 
also  shown  in  the  figure.  A  plot  of  the  gain  and  the  noise 
temperature  as  a  function  of  frequency  is  shown  in  Fig.  4.  The 
values  are  less  accurate  for  frequencies  outside  the  calibration 
frequency  (9.0  GHz). 

Internal  Pump:  The  Josephson  oscillation,  at  finite  bias 
voltage,  was  used  as  an  internal  pump  in  the  four  photon  mode. 
A  critical  current  of  60  pA  gave  stable  Josephson  oscillations 
with  an  output  power  of  -73  dBm  at  9.07  GHz.  The  signal  gain 
was  10  dB  as  compared  with  the  shorted  junction.  The 
disadvantage  of  this  mode  comes  from  the  broad  width  of  the 
oscillations  that  adds  noise  to  the  signal.  At  a  signal-to-pump 
separation  of  70  MHz,  this  corresponded  to  a  noise  temperature 
of  about  50K,  The  noise  adds  non-linearly  with  frequency 
separation  in  the  limited  bandwidth. 

We  conclude  that  the  externally  pumped  amplifier  has  a  very 
low  noise.  For  successful  operation,  it  is  desirable  to  use  a  low 
impedance  external  load  at  the  resonance  frequency  and 
important  that  the  Josephson  oscillations  are  stable.  The  low 
impedance  requirement  can  be  fullfilled  using  a  microstrip 
transformer.  Our  design  calculations  gave  a  Zl  of  0.512  and  this 
value  was  verified  both  by  measuring  the  output  oscillator 
power  and  from  the  amplifier  parameters  riving  high  gain. 

The  tuning  ability  given  by  the  magm  ic  field  dependence  of 
the  critical  current  is  very  useful.  Stable  oscillations  and  a 
control  of  the  effective  negative  resistance  can  be  realized. 

The  disadvantage  of  our  amplifier  is  that  there  exist  low 
noise  semiconductor  transistors  in  the  X-band.  At  higher 
frequencies,  say  70  GHz,  there  are  no  competitors.  In  principle, 
there  seems  to  be  no  obstacles  in  extending  the  Josephson 
amplifier  to  that  region.  A  higher  frequency  would  permit  a 
higher  critical  current,  a  larger  range  of  stable  operation,  and  a 
higher  saturation  level.  Smaller  junctions  and  higher  current 
densities  can  be  obtained  with  modem  technology.  The  present 
problem  is  to  find  a  cooled  circulator  at  this  frequency. 
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Transformer  Tunnel  Shunt 

Junction 


Fig.  1.  The  resistive  rf-SQUID  consists  of  a  tunnel  junction 
with  a  microstrip  inductor  and  resisitor  as  shunt.  It  is  connected 
to  a  5012  coaxial  cable  via  a  quarter  wave  transformer.  The 
transformer  sections  1,2,  and  3  typically  have  impedances  of 
20, 2,  and  20  £2,  respectively. 


TEMPERATURE  [K] 


Fig.  3.  The  noise  power  output  from  a  4  photon,  externally 
pumped  Josephson  amplifier  as  a  function  of  input  temperature. 
At  9.00  GHz,  the  plot  gives  G<isb=12.9  dB,  Tasw=3±4K. 
I0=48  pA,  T=127  K.  S° 


Fig.  2.  Externally  pumped  amplifiers.  Reflected  signals  from  a 
short  circuited  junction  and  amplified  signals  and  idlers  are 
shown.  The  scales  are  the  same  in  both  plots. 

(a)  The  3  photon  amplifier  with  fs=9.00  GHz,fp=18.176 
GHz,  and  T=1.25K.  The  inset  shows  IV-curveswith  and 
without  pump  power.  I0=38  pA. 

(b)  The  4  photon  amplifier  with  fs=9.00  GHz,  fp=9.07 
GHz,  Pp=-60  dBm,  and  T=1 .25  K.  The  pumped  and 
unpumped  IV  curves  are  shown  in  the  inset,  I0=49  pA. 


Fig.  4.  The  frequency  dependence  of  Gdsb'  and  Tdsb  of  the  4 
photon,  externally  pumped  amplifier.  The  zero  of  the  frequency 
scale  is  set  to  the  pump  frequency,  f„=9.00  GHz.  In=48  pA, 
Pp=-59.1  dBm,  T=1.27K.  y 
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ABSTRACT 

Recent  progress  on  the  application  of  picosecond  optoelec¬ 
tronics  to  microwave  and  millimeter-wave  technology  will  be 
reviewed.  Generation,  control  and  characterization  of  pulsed 
and  continuous-wave  millimeter-waves  will  be  discussed.  A 
novel  network  analyzing  technique  for  a  30  GHz  monolithic 
millimeter-wave  integrated  circuits  based  on  picosecond  pulses 
has  been  demonstrated. 

INTRODUCTION 

I  will  review  recent  progress  on  the  application  of  picosec¬ 
ond  optoelectronic  technique  to  millimeter-wave  technology. 
1988  is  a  year  that  we  see  many  exciting  developments  in  the 
application  of  ultrafast  optics  to  microwave  and  millimeter- 
wave.  Through  the  use  of  picosecond  photoconductor  [1]  and 
other  phase-locking  techniques  [2]  it  is  now  possible  to  generate 
time  synchronized  pulsed  or  CW  microwave  and  optical  events. 
This  capability  leads  to  the  generation,  control  and  character¬ 
ization  of  microwaves  and  millimeter-waves  by  picosecond  or 
femtosecond  optical  techniques. 

DISCUSSION 

Picosecond  optical  pulse  interaction  with  the  microwave 
devices  and  circuits  provides  a  non-invasive  probing  of  these  de¬ 
vices.  The  characterization  of  microwave  and  millimeter  wave 
monolithic  integrated  circuits  (MMICs)  using  picosecond  pulse 
sampling  techniques  has  been  demonstrated  by  a  team  from  the 
University  of  Maryland  and  COMSAT  [3].  Picosecond  photo¬ 
conductors  are  used  for  signal  generation  and  sampling  opera¬ 
tions.  The  measured  time  domain  response  allows  the  spectral 
transfer  function  of  the  MMIC  to  be  obtained.  This  measure¬ 
ment  technique  is  verified  by  characterization  of  the  frequency 
response  (magnitude  and  phase)  of  a  reference  50S2  microstrip 
line  and  a  two-stage  .Ka-band  MMIC  amplifier.  For  the  first 
time,  the  direct  comparison  between  the  results  obtained  by 
the  broadband  time  domain  optical  measurement  and  those 
obtained  from  conventional  frequency  domain  measurements 
using  a  network  analyzer  has  been  made.  The  agreement  is 
quite  good.  Looking  into  the  future,  this  may  lead  to  low-cost 
testing  which  allows  on-wafer  characterization  of  MMICs  be¬ 
fore  dicing  the  wafer  into  individual  chips.  The  only  electrical 
connection  to  the  wafer  under  test  is  dc  bias.  This  eliminates 
the  need  for  the  use  of  expansive  probe  station  used  for  the 
launching  of  millimeter-wave  signal  into  the  device  on  wafer 
from  an  external  source. 

A  CW  measurement  technique  using  picosecond  optical 
sampling  of  GaAs  integrated  circuits  has  been  reported  by  the 
Stanford  University  group  [4].  The  laser  pulse  timing  with 
respect  to  the  CW  microwave  is  provided  by  a  phase-lock-loop 
feedback  system  which  synchronizes  and  stabilizes  the  laser 
pulse  timing  with  respect  to  the  microwave  synthesizer.  This 


microwave  synthesizer  generates  reference  signal  that  phase- 
locks  another  RF  synthesizer  which  drives  the  acoustooptic 
mode-locker  and  also  provides  microwave  signal  launched  into 
the  circuit  under  test.  The  pulse  timing  accuracy  of  0.3  pi¬ 
coseconds  has  been  achieved.  This  technique  also  has  2  ps 
time  resolution,  a  working  sensitivity  of  70  fiV/y/Hz  and  a 
spatial  resolution  of  3  pm.  This  technique  has  been  applied  to 
test  a  number  of  high  speed  digital  and  analog  circuit  and  to 
probe  internal-node  of  some  traveling-wave  amplifier. 

Electrooptic  sampling  technique  has  also  been  applied  for 
high  frequency  characterization  of  thin-film  high  temperature 
superconducting  transmission  lines  [5].  Distortion-free  propa¬ 
gation  of  high  current  density  transient  has  been  demonstrated. 
The  high  frequency  properties  can  be  analyzed  by  careful  study 
of  the  relative  phase  delays  of  the  electrical  transients  as  the 
temperature  of  the  sample  is  varied  to  cover  wide  temperature 
range,  from  1.8°K  to  Tc. 

DC  to  pulsed  or  CW  RF  conversion  can  also  be  achieved 
with  picosecond  photoconductors.  Electrical  transient  of  ul¬ 
trafast  risetime  and  large  amplitude  can  now  be  generated. 
Picosecond  and  subpicosecond  photoconducting  dipole  anten¬ 
nas  have  been  demonstrated  which  are  capable  of  generating 
and  coherently  detecting  picosecond  [6]  and  subpicosecond  [7] 
electric  pulses.  These  antennas,  when  illuminated  with  fem¬ 
tosecond  optical  pulses,  radiate  electrical  pulses  with  frequency 
spectra  extending  from  dc-to-THz.  These  microscopic  diode 
antennas  have  been  fabricated  on  radiation  damaged  silicon- 
on-sapphire  substrate  for  both  transmitting  and  receiving.  Di¬ 
rect  dc  to  rf  conversion  using  a  single  lateral  PIN  diode  as 
an  optoelectronic  switch  and  a  coaxial  structure  as  a  resonant 
cavity  has  been  reported  [8].  The  electrical  impulse  generated 
by  the  PIN  diode  switch  is  coupled  into  the  cavity  via  a  loop 
antenna.  The  resulting  magnetic  field  induces  current  in  the 
center  conductor  of  a  voltage  probe  which  is  used  to  couple  the 
rf  signal  out  of  the  cavity.  A  monolithic  dc-to-rf  converter  has 
also  been  demonstrated  (8).  If  the  cavity  resonator  is  replaced 
by  a  high  Q  cavity  filter,  a  complete  CW  microwave  can  be 
generated.  This  has  been  demonstrated  for  the  generation  of 
an  optically  synchronized  CW  20  GHz  wave  [9).  For  a  mul¬ 
tiple  element  antenna,  this  technique  can  be  used  to  generate 
phase-arrayed  radiation  since  the  rf  signals  are  completely  in 
time  synchronized  with  the  ps  optical  pulses. 

Looking  back  into  1988,  we  see  more  application  of  ps  op¬ 
tical  technique  to  microwave  and  millimeter-wave  generation 
and  characterization.  In  the  future,  as  the  technique  is  per¬ 
fected  and  technology  matured,  we  can  foresee  some  merging 
of  optics  and  microwaves. 
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Experimental  Performance  of  an  Optically  Controlled  Coplanar  Waveguide  Phase 
Shifter  with  a  Thick  GaAs  Buried  Layer. 

P.  Cheung,  D.  P.  Neikiik  and  T.  Itoh. 


Abstract 

The  experimental  performance  of  an  a  optically-controlled 
coplanar  waveguide  phase-shifter  fabricated  on  a  heterojunction 
substrate  containing  a  thick  GaAs  layer  buried  between  two 
AlGaAs  layers  is  presented.  The  measured  performance  shows 
that  relative  phase-shifts  of  100°  can  be  obtained  even  for  optical 
input  powers  in  the  pW  range. 

Introduction 

Studies  of  coplanar  waveguides  (CPW)  on  semiconductor 
multi-layered  substrates  have  shown,  that  within  that  the  range  of 
resistivities  covered  by  most  semiconductor  substrates  and  the 
frequency  spectrum  of  interest  for  microwave  and  millimeter  wave 
applications,  a  slow  wave  (SW)  mode  of  propagation  can  exist  [1]. 
A  typical  structure  consist  of  a  thin  lossless  layer  immediately 
below  the  CPW,  followed  by  a  thicker  lossy  layer  and  a  third 
lossless  layer.  The  slow  wave  factor  (SWF),  which  is  the  ratio  of 
the  effective  guide  wavelength  to  the  free  space  wavelength,  is  a 
measure  of  the  change  of  the  effective  refractive  index  of  the 
substrate.  The  magnitude  of  the  SWF  is  a  function  of  both  the 
resistivity  of  the  buried  lossy  layer  and  the  thickness  of  the  first 
layer.  Because  of  the  dependence  of  the  SWF  on  the  properties  of 
the  underlying  substrate,  a  CPW  on  a  multi-layered  substrate  can 
be  used  as  a  variable  phase-shifter  if  either  the  conductivity  or  layer 
thicknesses  can  be  actively  controlled. 

At  the  10th  IR  &  MMW  conference  [2],  a  method  of 
optically  controlling  a  coplanar-waveguide  (CPW)  phase-shifter 
was  proposed.  By  the  appropriate  selection  of  semiconductor 
heterojunction  substrate  materials  (Alo.4Gao.6As  /  GaAs  / 
Alo.4Gao.6As)  and  the  corresponding  selection  of  an  illuminating 
source  of  the  correct  wavelength  (wavelengths  longer  than  600  nm, 
but  shorter  than  860  nm),  the  conductivity  of  the  buried  GaAs  layer 
can  be  controlled  by  the  intensity  of  the  optical  source.  The  phase 
shift  is  then  controlled  directly  by  varying  the  intensity  of  the 
illuminator.  At  last  year's  IR  &  MMW  conference  [3]  preliminary 
measurements  of  a  prototype  device  were  reported.  The  results 
indicated  that  relative  phase  shift  can  be  obtained  even  at  relatively 
low  levels  of  intensity.  Recendy  Kwon,  et  al  [4]  showed  that  the 
slow-wave  mode  propagating  on  the  CPW  can  be  modeled  by  a 
quasi-TEM  circuit  model.  Using  this  approach  we  have  developed 
an  equivalent  circuit  model  for  an  ideal  optically  controlled  CPW 
phase-shifter  [5].  The  analysis  showed  that  when  a  large  percent 
of  the  total  "equivalent  thickness"  of  the  substrate  is  lossy,  large 
relative  phase-shifts  can  be  obtained.  By  conformal  mapping  this 
translates  into  a  thick  second  lossy  layer  for  a  typical  structure.  To 
test  this  prediction,  a  device  was  fabricated  on  a  substrate  with  a 
thick  GaAs  (7pm)  layer. 


Experimental  Results 

Measurements  on  the  device  were  performed  using  an  HP 
8S10B  automatic  network  analyzer.  The  illuminating  source  was  a 
microscope  illuminator  fitted  with  a  red  filter.  The  measured 
spectrum  of  the  filtered  light  showed  negligible  intensity  for 
wavelengths  below  704nm,  so  no  light  is  absorbed  in  the 
Alo.4Gao.6As  (650nm  cutoff)  layer.  The  measurements  were  done 
at  three  illuminating  intensities  of  3.2mW/cm2, 32.0mW/cm2  and 
63.7mW/cm2.  Since  the  actual  area  of  the  device  expose  to  the 
illumination  is  1.4  x  10*3cm2,  the  intensities  correspond  to  optical 
input  powers  of  4.5pW,  45pW  and  89pW.  The  measured  results 
are  shown  in  Fig.  3  and  4.  Figure  3  shows  the  insertion  loss  as  a 
function  of  varying  illuminating  intensity  over  a  frequency  range  of 
0.08GHz  to  18.0GHz.  Structural  effects  such  as  bonds  wires  and 
SMA  launchers  obscure  the  interpretation  of  the  data  beyond 
10GHz.  The  insertion  loss  of  a  CPW  on  semi-insulating  (S.  I.) 
GaAs  substrate  is  'Jso  plotted  on  the  same  graph  for  comparison. 

The  insertion  loss  of  the  device  shows  an  average  change  in 
loss  of  2dB/GHz  over  the  range  of  1.0  -  10.0  GHz.  In 
comparison,  the  S.  I.  sample  showed  an  average  insertion  loss 
change  of  0.5dB/GHz  over  the  same  frequency  range.  The  higher 
insertion  loss  of  the  device  is  attributed  to  the  unintentionally  p-type 
background  doping  of  the  heterojunction  sample.  Simple 
modelling  indicates  a  background  of  only  lxl014cnr3  could 
account  for  this  loss.  At  the  first  illumination  intensity 
(3.2mW/cm2)  the  insertion  loss  change  increases  to  2.6dB/GHz. 
For  the  next  two  intensities  the  loss  increases  from  3.7dB/GHz  (for 
32.0mW/cm2)  to  4.0dB/GHz  (for  63.7mW/cm2).  The  maximum 
insertion  loss  for  the  unilluminated  device  is  -23dB  at  10GHz;  in 
comparison,  the  S.  I.  sample  showed  a  maximum  loss  of  5dB  at 
10.0  GHz.  The  maximum  loss  for  the  illuminating  intensities  are: 


3.2mW/cm2  -  25.0dB  at  10.0  GHz 

32.0  mW/cm2  -  29.0dB  at  7.7  GHz 

63.7  mW/cm2  -  32.0dB  at  7.7  GHz 

Figure  4  shows  the  measured  relative  phase  shift  induced 
by  the  optical  illumination.  An  intensity  of  3.2mW/cm2  yields  an 
average  phase-shift  of  5.3°/GHz.  A  maximum  relative  phase-shift 
of  60°  at  9.5GHz  is  obtained,  even  at  this  very  low  intensity.  This 
is  equivalent  to  a  change  in  electrical  length  of  1/6  of  a  wavelength 
(i.e.,  at  10GHz,  from  3.0cm  to  2.5cm).  The  maximum  relative 
phase-shift  was  120°  at  9.5GHz  for  an  intensity  of  63.7mW/cm2, 
corresponding  to  a  length  reduction  of  a  factor  of  one  third  (i.e. 
from  3.0cm  to  2.0cm). 


The  device  was  fabricated  with  a  lift-off  technique  using  a 
chlorobenzene  soak  process.  A  metal  scheme  of  gold  /  silver  / 
chrome  with  a  total  thickness  of  ~lpm  was  deposited  to  form  the 
conductors.  The  measured  D.C.  resistance  of  the  central  conductor 
is  -8.0G.  A  cross  section  of  the  device  is  shown  in  Fig.  1.  The 
heterojunction  substrate  was  grown  by  MBE  on  an  S.I.  GaAs 
substrate  with  a  lpm  buffer  layer.  All  the  grown  layers  are 
unintentionally  doped  (approximately  1014/cm3,  p-type).  The 
device  is  mounted  on  a  high  dielectric  low  loss  printed  circuit  board 
(RT-Duroid  6010.5)  that  also  has  a  CPW  fabricated  on  it.  The 
CPW  on  the  PCB  is  accessed  at  both  ends  by  SMA  launchers  and 
electrical  connections  between  the  CPW  on  the  PCB  and  die  device 
is  made  using  bonds  wires;  the  microwave  package  used  for  testing 
is  shown  in  Fig.  2. 


To  calculate  the  relative  change  in  the  ’effective  guide 
index'  we  use  the  following  equation: 

Aneff(I)  =  ".ff(Ii)-n*<r(Io)=-  ~~  <0<V>-e(y» 

L  K 1 

where  Io  indicates  zero  illumination,  1  is  the  physical  length  of  the 
CPW,  Ao  the  free  space  wavelength  at  the  operating  frequency,  and 

0(I;,f)  the  measured  phase  at  the  frequency  f  and  illumination 
intensity  1;.  Figure  5  shows  this  calculated  change  in  the  'effective 
guide  index’.  At  the  lowest  intensity  level  the  speed  of  the  wave  is 
one  tenth  of  its  original  speed  at  0.1  GHz.  At  same  frequency  for 
the  highest  intensity  level  the  speed  is  reduced  by  thirty  times  its 
original  speed.  At  a  higher  frequency,  for  example  at  IOGHz,  the 
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lowest  intensity  shows  a  reduction  in  speed  by  a  factor  of  three 
from  its  original  speed,  while  at  the  highest  intensity  level  the 
average  reduction  is  a  factor  of  five. 

Conclusion 

We  have  demonstrated  that  large  relative  phase-shifts  can  be 
achieved  with  very  small  optical  input  powers.  The  data  is 
consistent  with  a  simple  quasi-TEM  circuit  model,  is  primarily  due 
to  the  high  sensitivity  of  the  propagation  constant  to  the 
conductivity  of  the  buried  GaAs  layer.  These  results  are  very 
promising,  indicating  that  significant  phase  shift  can  be  obtained 
from  an  electrically  short  structure  using  very  low  levels  of  total 
optical  power.  Further  optimization  of  the  heterostnicture  substrate 
and  CPW  dimensions  is  now  underway. 
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Fig.  1:  Cross-section  view  of  device 


Fig.  2  (a)  Schematic  of  device  demensions. 


Fig.  2.(b)  Schematic  of  device  mounted  in  the  test  package. 


Fig.  3.  Insertion  Loss  Vs.  Freq. 


Fig.  4.  Relative  Phase-Shift  Vs.  Freq. 
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Fig.  5.  Change  in  Effective  Guide  Index  Vs  Freq. 
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ABSTRACT 

Recent  optical  switching  devices  are  using  combi¬ 
nations  of  very  short  laser  pulses,  photoconductors, 
and  strip  lines.  Since  laser  pulses  have  giga¬ 
hertz-bandwidth,  signal  transmission  properties  of 
such  strip  lines  in  a  wide  range  of  frequencies  are 
decisively  important.  This  paper  describes  the 
structural  control  of  the  dispersion  characteristics 
of  microstrip  lines  by  adding  ground  conductors  on 
both  sides  of  the  strip  conductor.  Some  numerical 
data  are  shown. 

INTRODUCTION 

Laser  pulses  with  durations  of  picoseconds  have 
been  recently  used  to  make  various  optical  switching 
devices  based  on  photoconductive  effects  in  semi- 
conductois.  As  a  result  of  the  photoconduction, 
when  shined  by  laser  light,  low  resistance  regions  in 
semiconductors  act  as  switches  to  produce  short 
electrical  pulses. 

The  configurations  of  microstrip  lines  have  been 
often  employed  in  these  optical  switches,  because 
D.C.  bias  voltage  supplies  are  connected  to  the  strip 
conductor  on  a  semiconductor  substrate  and  generated 
electrical  pulses  are  transmitted  through  the  micro¬ 
strip  lines  for  various  applications  such  as  micro- 
wave  generation  [1],  sampling  [2],  and  high-frequency 
waveform  generation  [33 • 

The  availability  of  recent  laser  pulses  with  very 
short  rise  time  enforces  us  to  take  into  account  the 
wide  frequency  characteristics  of  the  microstrip 
lines  as  giga-hertz  bandwidth  even  though  very  small 
devices  with  pm  dimensions  can  be  fabricated. 

The  microstrip  lines  are  inherently  dispersive  at 
high  frequencies  because  of  the  existence  of 
dielectric  substrate  materials.  Therefore,  short 
electrical  pulses  are  deformed  as  they  propagate 
along  the  line.  These  dispersion  effects  can  also 
sharpen  pulses  after  propagating  some  length  of  a 
microstrip  line  due  to  the  fact  that  high  frequency 
components  of  the  pulses  travel  with  slower  speed 
than  the  low  frequency  components  and  eventually  the 
pulses  are  compressed. 

In  this  paper,  we  describe  the  dispersion 
properties  of  general  transmission  line  structures 
supported  by  dielectric  substrate  materials.  Some 
numerical  examples  are  given  on  microstrip  lines  and 
those  with  additional  ground  conductors  on  both  sides 
of  the  strip  conductor.  A  method  for  controlling 
the  dispersion  effects  up  to  a  certain  frequency  is 
discussed. 

METHOD  OF  ANALYSIS 

Fig.1  shows  a  microstrip-like  transmission  line 
which  contains  two  dielectric  layers,  a  strip  and 
ground  conductor  system,  and  a  metallic  shield  enclo¬ 
sure.  The  strip  conductors  are  assumed  to  be  negli¬ 
gibly  thin  and  lossless.  A  hybrid  mode  analysis  is 
apparently  necessary  for  this  inhomogeneous  structure. 


The  propagation  constant  6  is  estimated  by  solving 
Maxwell's  equations.  Simultaneous  integral  equations 
on  some  components  of  electromagnetic  fields  can  be 
derived,  and  then  these  are  transformed  into  a  set  of 
linear  homogeneous  equations  by  carrying  out  the  non- 
uniform  discretization  of  the  integrals.  The  deter¬ 
minant  of  the  coefficient  matrix  for  these  linear 
equations  should  vanish  to  obtain  non-trivial 
solutions.  Then,  8  is  given  as  solutions  of  this 
determinantal  equation  [ 4l 1 5 J . 

For  a  combined  structure  of  a  strip  and  ground 
conductor  system,  a  supporting  dielectric  sheet,  and 
a  metallic  shield  enclosure  as  shown  in  Fig.1,  we  can 
expect  the  following  general  features: 

1)  In  the  quasi-TEM  wave  approximation  which  is  valid 
at  low  frequencies,  the  existence  of  the  dielectric 
sheet  results  in  just  the  increase  of  line  capacitan¬ 
ce.  When  the  propagation  constant  in  this  approxi¬ 
mation  is  denoted  by  and  that  in  vacuum  by  g0, 
the  8t£m/8o  ratio  curve  against  frequency  f  is  ex¬ 
pressed  with  a  horizontal  line  (  curve  A  in  Fig. 2  ). 

2)  When  the  strip  conductor  is  removed  from  this 
structure,  the  dielectric  sheet  behaves  as  an 
enclosed  dielectric  slab  waveguide  with  some  cutoff 
frequencies.  Hence,  the  curve  of  B/Bq  should 
indicate  usual  traits  of  waveguides  (  curve  B  ). 

3)  When  the  electromagnetic  fields  of  the  quasi-TEM 
waves  and  those  of  an  enclosed  dielectric  slab  wave¬ 
guide  mode  resemble  each  other,  the  combined 
structure  should  couple  these  fields  and  new  two 
curves  for  8/6q  appear  as  the  connected  lines  of  the 
curve  A  and  curve  B1  at  the  intersection  as  shown  as 
the  curves,  C1  and  C2,  in  Fig. 2. 

4)  When  such  field  coupling  is  tight,  the  separation 
between  C-j  and  Cj  should  be  large  and,  therefore, 
gradual  and  strong  dispersion  effects  should  be 
observed. 

5)  When  coupling  is  weak,  fhe  separation  between  C1 
and  Cg  becomes  small  and,  therefore,  the  dispersion 
effects  are  not  appreciable  up  to  the  intersection 
point  of  A  and  B  where  sudden  change  occurs. 

MICROSTRIP  LINES 

Fig. 3  shows  the  case  of  usual  microstrip  lines. 
The  field  coupling  is  so  tight  that  A,  B,  and  C 
relations  are  not  clearly  observable. 

Fig. 4  shows  some  numerical  results  on  an  interes¬ 
ting  but  impracticable  case  of  microstrip  lines  where 
the  field  coupling  is  weak  because  the  ceiling  height 
is  so  small  that  a  large  amount  of  energy  is 
distributed  into  the  air  region.  Expected  features 
of  weak  coupling  are  clearly  observed  in  these  curves. 

MICROSTRIP  LINES  WITH  PARALLEL 

GROUND  CONDUCTORS  ON  BOTH  SIDES 

Fig. 5  shows  a  case  of  microstrip  lines  with 
parallel  ground  conductors  on  both  sides  where  the 
side  ground  conductors  are  so  far  from  the  center 
conductor  that  the  extent  of  field  coupling  is  tight 
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as  usual  microstrip  lines.  The  relations  between  A, 
B,  and  C  curves  are  almost  the  same  as  those  of 
microstrip  lines. 

Fig. 6  shows  another  case  of  microstrip  lines  with 
parallel  ground  conductors  on  both  sides  where  the 
field  coupling  is  weak  because  the  gaps  between  the 
center  conductor  and  ground  conductors  are  so  narrow 
that  energy  is  highly  concentrated  into  the  two  gap 
regions.  It  is  another  reason  of  weak  coupling  that 
main  electric  field  patterns  corresponding  to  A  and  B 
curves  are  almost  orthogonal.  Weak  coupling 
relations  between  A,  B,  and  C  curves  are  clearly 
observed.  When  strip  transmission  lines  with  least 
dispersion  in  a  wide  range  of  frequencies  are  requir¬ 
ed,  structures  of  this  class  can  be  candidates. 
The  dispersion  behavior  can  be  thus  controlled  from 


gradual  dispersion  to  sudden  dispersion  by  adjusting 

the  size  of  the  gap  width. 
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Abstruct 

The  inverted  slot  line  is  proposed  with  the  pur¬ 
pose  of  applying  to  optical  modulators  operating  at 
millimeter-wavelengths.  Velocity  of  millimeter-waves 
can  be  matched  to  that  of  optical  waves  in  LiNbO, 
material  by  simply  adjusting  the  spacing  between  the 
slotted  surface  and  the  ground  plane. 

I.  Introduction 

Recently,  research  on  high-speed  optical  modula- 
torstl],C2]  has  been  attracted  much  attention  because 
of  the  increasing  demand  for  optical  communication 
systems  of  very  large  capacity.  A  slot  lineC31  with 
the  LiNbtL  substrate  is  a  widely  used  transmission 
line  for  ^optical  modulation  up  to  millimeter-waves, 
but  efficiency  of  modulation  is  limited  by  the  large 
velocity  mismatching  between  the  optical  waves  and 
millimeter-waves.  In  order  to  achieve  good  velocity 
matching  between  the  modulated  and  modulating  waves, 
modified  slot  lines  with  the  nonsymmetrical  electrode 
structure  [41  and  with  the  thin  substrate  backed  by  a 
lower  refractive  index  layerCSl  have  been  studied. 

In  this  paper,  the  inverted  slot  line  is  proposed 
as  a  promising  transmission  medium  for  optical  modula¬ 
tion  applications.  It  is  the  ordinary  slot  line 
Placed  upside-down  over  the  ground  plane  with  a  very 
small  spacing.  Though  quite  simple  in  structure,  the 
inverted  slot  line  has  the  possibility  that  the  veloc¬ 
ity  matching  can  easily  be  achieved  since  the  phase 
velocity  of  mil) imeter-waves  can  widely  be  adjusted  by 
changing  the  spacing  between  the  slotted  surface  and 
the  ground  plane.  Millimeter-wave  transmission  char¬ 
acteristics  of  the  inverted  slot  line  have  been  mea¬ 
sured  at  50GHz  and  the  results  are  found  to  be  favora¬ 
ble  for  the  optical  modulator  construction. 


cutoff  parallel  plate  waveguide  through  the  slot,  is 
considered  to  be  very  large  and  can  also  be  adjusted 
by  varying  the  spacing  between  the  slotted  surface  and 
the  ground  plane  at  will.  Thus,  the  inverted  slot 
line  is  expected  to  considerably  improve  the  efficien¬ 
cy  of  optical  modulators  by  facilitating  to  realize 
the  velocity  matching  condition. 

III.  Measurements 

3.1  Effective  Refractive  Index 

In  order  to  confirm  the  qualitative  prediction 
stated  in  the  previous  section,  transmission  charac¬ 
teristics  of  the  inverted  slot  line  were  measured  at 
50GHz.  Though  the  LiNbO~  substrate  has  to  be  used 
for  practical  optical  modulators,  the  Duroid  substrate 
0.254mm  in  thickness  with  dielectric  constant  10.5  and 
loss  tangent  3x1 0-3  was  chosen  for  fabrication  conve¬ 
nience  in  the  present  preliminary  experiment.  Three 
type  of  slot  lines  having  different  slot  widths  lOOum, 
150um  and  200pm  and  the  same  slot  length  50mm  were 
prepared.  The  effective  refractive  index  was  mea¬ 
sured  at  first  by  detecting  standing  wave  patterns  on 
the  slot  lines.  The  results  are  presented  in  Fig. 2 
with  solid  curves.  It  is  seen  that  the  effective 
refractive  index  decreases  with  the  decreasing  spacing 
between  slotted  surface  and  the  ground  plane  as  ex¬ 
pected.  This  fact  implies  that  the  velocity  matching 
between  optical  waves  and  mi  11 imeter-waves  can  actual¬ 
ly  be  achieved  by  simply  adjusting  the  spacing. 

Dispersion  characteristics  of  the  inverted  slot 
line  lOOum  in  slot  width  were  also  measured  over  the 
48  to  52GHz  frequency  range.  The  results  are  plotted 
in  Fig. 3.  Dependence  of  the  effective  refractive 
index  on  frequency  is  quite  small  over  the  measured 
frequency  range  at  least  and  hence  broadband  optical 
modulators  are  expected  to  be  realized. 


II.  Structure  and  Principle  of  Operation 


As  shown  in  Fig.l,  the  inverted  slot  line  is  con¬ 
structed  in  such  a  way  that  the  slotted  surface  faces 
the  conducting  ground  plane  with  a  very  small  spacing, 
say  50pm  or  less,  between  each  other.  Since  the  elec¬ 
tric  field  of  the  transmission  line  is  predominantly 
parallel  to  the  metal  plane,  the  space  bounded  by  the 
slotted  surface  and  the  ground  plane  is  kept  below 
cutoff  for  transmitted  waves  and  hence  the  phase  ve¬ 
locity  becomes  infinitely  large  there.  Therefore, 
the  phase  velocity  of  the  inverted  slot  line  itself, 
which  can  be  regarded  as  being  coupled  to  the  below 


Dielectric 

Substrate. 


Metal  Coating 


zzzzSzzzSz z. 


Slot  Ground  Plane 

Fig.  1.  Structure  of  the  inverted  slot  line 


3.2  Attenuation  Constant 

Measured  attenuation  constants  of  the  inverted 
slot  lines  are  shown  in  Fig. 2  with  dotted  curves.  The 
attenuation  constant  increases  with  the  decreasing 
spacing  between  the  slotted  surface  and  the  ground 
plane  as  predicted,  and  becomes  larger  by  about  50% 
for  the  spacing  of  63pm  than  for  the  spacing  of  252pm. 
Though  the  increase  in  attenuation  constant  is  by  no 
means  favorable  for  the  optical  modulator,  this 
drawback  can  be  compensated  if  the  velocity  matching 
is  really  achieved.  In  this  connection,  it  should 
be  mentioned  that  the  measured  attenuation  constant 
can  be  reduced  if  both  the  metal  surfaces  of  the  slot 
line  and  the  ground  plane  are  more  carefully  finished. 

3.3  Field  Distributions 

Transverse  electric  field  distributions  measured 
over  the  substrate  are  shown  in  Fig. 4.  Both  the 
horizontal  and  vertical  components  are  compared  to 
those  for  the  ordinary  slot  line  without  the  ground 
plane.  Though  the  fields,  especially  the  vertical 
components,  are  spreaded  in  the  inverted  slot  line, 
this  does  not  cause  any  serious  trouble  in  the  optical 
modulation  applications  since  the  field  spreading  of 
the  working  horizontal  component  is  only  slight. 
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IV.  Transiti(His 

The  coaxial  cables  are  often  used  for  millimeter- 
wave  excitation  in  the  optical  modulators  because  of 
their  broadband  characteristics.  In  the  inverted  slot 
line,  however,  such  an  arrangement  is  not  possible 
since  the  spacing  between  the  slotted  surface  and  the 
ground  plane  is  too  small  to  install  the  coaxial  line. 
In  order  to.  overcome  such  difficulty,  a  microstrip 
line  is  introduced  transversely  on  the  opposite  side 
of  the  substrate  as  shown  in  Fig.5C6],  and  the  slot 
line  is  excited  by  the  coaxial  cable  through  the 
microstrip  line.  Transition  between  the  coaxial  line 
and  the  microstrip  line  is  achieved  by  simply  connect¬ 
ing  them  by  mechanical  pressure.  Measured  overall 
conversion  loss  of  the  inverted  slot  line  is  shown  in 
Fig. 6  with  solid  curve  as  a  function  of  frequency. 
The  back-to-back  technique  was  used  in  measurement  and 
transmission  losses  of  the  three  transmission  media, 
slot  line,  microstrip  line  and  coaxial  line,  are  all 
subtracted  from  the  measured  loss  values.  It  should 
be  noted  that  the  conversion  loss  shown  in  Fig. 6 
includes  not  only  transition  loss  between  the  micro- 
strip  line  and  slot  line  but  also  transition  losses 
between  the  coaxial  cable  and  microstrip  line  and 
between  the  waveguide  and  the  coaxial  cable,  the  wave¬ 
guide  being  needed  for  experimental  convenience. 

Since  the  inverted  slot  line  is  an  open  structure, 
losses  are  also  generated  at  transition  in  the  form  of 
space  waves  and  surface  waves.  In  order  to  suppress 
such  additional  loss,  metal  walls  are  provided  around 


the  slot  line.  The  conversion  loss  for  this  case  is 
also  shown  with  dotted  curve  in  Fig. 6.  Improvement 
is  apparent  and  the  conversion  loss  is  found  to  be 
below  l.ldB  over  the  measured  frequency  range  at  least. 

V.  Conclusions 

The  inverted  slot  line  has  been  proposed  as  a 
simple  and  practical  transmission  medium  for  optical 
modulators  operating  at  millimeter-wavelengths,  and 
its  transmission  and  transition  characteristics  have 
been  measured  at  50GHz.  As  a  result,  possibility  of 
velocity  matching,  small  dispersion  property  and  good 
transition  efficiency  have  been  demonstrated.  The 
optical  modulator  is  being  designed  and  fabricated  to 
confirm  its  potential  performance. 
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Fig.  2.  Effective  refractive  index 
and  attenuation  constant  versus 
spacing  between  the  slotted  sur¬ 
face  and  the  ground  plane 


Fig.  4.  Transverse  electric  field 
distributions  of  the  horizon¬ 
tal  and  vertical  components 


Frequency  ( GHz) 


Fig.  3.  Dispersion  characteristics 
of  the  inverted  slot  line 


Fig,  5.  Transition  between 
the  microstrip  line  and 
the  inverted  slot  line 


Fig.  6.  Frequency  characteristics  of  overall 
conversion  loss  for  the  waveguide-coaxial, 
coaxial-microstrip  and  microstrip-inverted 
slot  line  transition 
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ABSTRACT 

An  optical  technique  using  picosecond  pulses  has 
been  developed  to  characterize  the  magnitude  and 
phase  of  the  frequency  response  of  a  gallium  arsenide 
(GaAs)  monolithic  integrated  circuit  in  the 
millimeter-wave  frequency  range.  The  results  of  the 
complex  S-parameters  of  an  amplifier  obtained  using 
this  technique  were  compared  with  those  obtained 
using  the  network  analyzer  method. 

INTRODUCTION 

Advances  in  GaAs  microwave  and  millimeter-wave 
monolithic  integrated  circuits  (MIMICS)  have  led  to 
the  development  of  these  circuits  for  various  high- 
volume  system  applications  requiring  affordable  and 
highly  reliable  components.  The  existing  frequency 
domain  approach  for  RF  testing  of  mimics  constitutes 
a  significant  manufacturing  cost.  Therefore,  a  meas¬ 
urement  system  which  can  perform  on-wafer  RF  charac¬ 
terization  of  MIMICS  at  low  cost,  and  can  be  commer¬ 
cially  manufactured,  is  highly  desirable. 

Conventional  waveguide  measurement  systems  are 
limited  by  the  waveguide  bandwidth,  high  fabrication 
cost  for  precision  flxturing,  and  oscillations  during 
active  device  characterization.  Present  on-wafer  RF 
characterization  systems  that  employ  contacting  copla- 
nar  waveguide  (CPW)  probes  have  several  limitations 
in  achieving  a  low- loss,  impedance-matched  character¬ 
istic  at  millimeter-wave  frequencies,  and  a  custo¬ 
mized  probe  card  is  needed  for  each  set  on  the  wafer. 

Recently,  optical  techniques  have  been  studied 
for  use  in  characterizing  microwave  devices  and  cir¬ 
cuits.  One  approach  is  to  introduce  a  microwave  sig¬ 
nal  to  the  circuit  through  contacting  CPW  probes,  and 
to  use  electro-optic  sampling  of  time-domain  wave¬ 
forms  (1).  Another  approach,  employing  a  photo- 
conductive  switch  for  signal  generation  and  sampling, 
has  been  used  to  measure  the  magnitude  of  the  gain  re¬ 
sponse  of  an  MIMIC  (2), (3). 

This  paper  describes  refined  measurement  tech¬ 
niques  and  presents  new  results  for  the  optoelec¬ 
tronic  characterization  of  a  Ka-band  monolithic 
amplifier,  including  both  magnitude  and  phase.  Thus, 
the  technique  has  been  extended  to  perform  complex 
S-parameter  measurements.  Mechanical  contact  is  not 
required  between  the  measurement  system  and  the  wafer 
in  order  to  generate  waveforms  containing  the 
millimeter-wave  frequency  spectrum.  The  same  measure¬ 
ment  system  can  allow  broadband  operation  from  DC  to 
several  hundred  gigahertz.  Emphasis  was  placed  on 
systematic  validation  of  the  optoelectronic  approach 
to  S-parameter  measurement. 

THE  OPTICAL  MEASUREMENT  SYSTEM 

Figure  1  is  a  schematic  diagram  of  the  optoelec¬ 
tronic  characterization  system,  including  a  50-Q 
reference  line  or  an  MIMIC.  The  optical  source  is 


provided  by  a  continuous-wave,  mode-locked,  Nd:YAG 
laser  whose  output  is  compressed  and  frequency- 
doubled  through  a  KTP  crystal.  The  532-nm  optical 
pulses  have  a  repetition  rate  of  100  MHz  and  a  dura¬ 
tion  of  5  ps.  A  short  electrical  pulse  is  gener¬ 
ated  by  a  DC-biased  photoconduct ive  switch  at  Port 
a  and  propagates  down  the  input  transmission  line 
toward  the  circuit.  The  pulse  traveling  in  the  op¬ 
posite  direction  is  absorbed  by  a  matched  termina¬ 
tion,  which  can  readily  be  implemented  as  an 
monolithic  broadband  distributed  resistor  (4).  The 
pulse  approximates  a  delta  function  in  the  time  do¬ 
main,  resulting  in  a  very  broadband  frequency  spec¬ 
trum.  Since  the  input  electrical  pulse  generated 
is  in  complete  time  synchronization  with  the  opti¬ 
cal  pulse,  the  electrical  pulse  can  be  precisely 
sampled  at  Port  b  by  a  time-delayed  laser  pulse 
illuminating  a  second  picosecond  photoconductive 
switch  on  the  input  side  of  the  circuit. 

The  output  of  the  circuit  can  be  sampled  using 
the  same  procedure,  with  a  photoconductive  switch 
at  the  output  (Port  c  or  d).  By  comparing  the 
Fourier  transforms  of  the  reflected  and  transmitted 
waveform  to  those  of  the  incident  waveform  at  the 
input,  the  two-port  forward  complex  scattering  pa¬ 
rameters  (S^  and  s21)  can  be  determined  without  us¬ 
ing  CPW  contacting  probes.  The  magnitude  and  phase 
of  S22  and  si2  can  also  be  measured  in  a  similar 
manner  by  simply  redirecting  the  laser  pulse  to  the 
corresponding  locations  on  the  circuit.  A  minicom¬ 
puter  is  used  to  control  the  experiment  and  to  per¬ 
form  the  fast  Fourier  transform  (FFT) ,  so  that 
freqency  domain  response  can  be  observed  immedi¬ 
ately  after  the  measurement. 

MEASURED  RESULTS 

A  reference  50-0  microstripline  of  the  same 
physical  length  as  the  MIMIC  to  be  tested  was  fabri¬ 
cated  and  used  for  system  calibration.  The  MIMIC 
was  a  two-stage  power  amplifier  with  a  nominal  gain 
of  4  dB  per  stage  and  output  power  close  to  0.5  W 
at  28  GHz  (5).  An  output  power  of  1  W  has  been 
achieved  with  these  MIMICS  in  a  balanced  configura¬ 
tion.  The  MIMIC  was  mounted  between  two  pairs  of 
GaAs  photoconductive  switches  which  were  biased  at 
20  V.  Since  the  sampled  signals  are  at  the  200-Hz 
chopper  frequency,  coaxial  low-frequency  probes 
(LFPs)  such  as  those  employed  in  existing  automated 
on-wafer  DC  measurement  systems  can  be  used  to  de¬ 
tect  the  sampled  signal. 

Figure  2  depicts  the  magnitude  and  phase  of  the 
transfer  function,  S2j,  as  determined  by  an  FFT  of 
the  data  obtained  from  the  optical  technique.  Note 
that  the  gain  peaks  at  28  GHz,  as  expected.  These 
results  can  be  compared  with  those  in  Figure  3, 
which  shows  the  transfer  function  measured  using 
the  conventional  network  analyzer  technique.  Good 
agreement  was  obtained  in  both  the  magnitude  and 
phase  of  the  broadband  response.  The  frequency 
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domain  data  obtained  with  the  optical  technique  show 
smoother  response  than  those  obtained  with  the  net¬ 
work  analyzer,  indicating  that  impedance  mismatches 
were  encounted  across  the  freqeuncy  band  during  the 
network  analyzer  measurements.  Abrupt  variations  in 
both  magnitude  and  phase  centered  at  around  10  GHz  ap¬ 
peared  in  the  results  for  both  measurement  techniques. 
Sjj  can  be  determined  by  analyzing  the  reflected 
wave,  which  is  separated  from  the  incident  wave  by 
proper  gating  of  the  signals  detected  at  the  input. 

CONCLUSIONS 

An  optoelectronic  characterization  technique  has 
been  demonstrated  to  achieve  a  broadband  frequency  re¬ 
sponse  for  both  the  magnitude  and  phase  of  a  Ka-band 
MIMIC.  The  measured  scattering  parameters  show  close 
agreement  with  data  obtained  from  network  analyzer 
measurements  on  the  MIMIC  amplifier.  This  technique 
offers  significant  potential  for  on-wafer  characteri¬ 
zation  of  both  high-speed  devices  and  microwave/ 
millimeter-wave  circuits.  Future  development  of  the 
optoelectronic  technique  may  lead  to  characteriza¬ 
tions  of  nonlinear  circuits  and  multiport  devices. 
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Figure  2.  Frequency  Response  of  a  MIMIC  Amplifier 
From  the  Optical  Measurement  Technique 


Figure  3.  Frequency  Response  of  a  MIMIC  Amplifier 
From  the  Network  Analyzer  Measurement  Technique 
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ABSTRACT 

An  optical  fiber  has  been  used  to 
illuminate  a  HEMT. This  causes 
modifications  of  the  static  and  dynamic 
characterics  of  this  component. A 
home  made  sophisticated  software 
extracts  the  elements  of  the  classical 
electric  scheme  of  microwave  FETs  from 
their  "S"  matrix. 

The  effect  of  the  light  on  the  major 
elements  are  decribed  and  compared  with 
the  results  for  MESFETs. 


EXTRACTION  OF  THE  ELECTRIC  SCHEME 

The  usual  electric  scheme  is  composed 
of  13  elements  as  shown  in  Fig.l. 


Figure  1 

Electric  scheme  for  microwave  FETs 


The  software  which  has  been  used 
extracts  in  a  first  step  a  few  number  of 
elements  from  the  lower  frequency 
measurements .The  found  values  are  then 
introduced  into  a  classical  optimization 
software. The  sensitivity  to  the  accuracy 
of  the  measurements  of  matrix  “S”  is 
less  important  than  for  usual  softwares 
and  the  optimization  lasts  a  2  to  5 
less  long  time. [1,2] 


Figure  2 

Experimental  set  up 

It  appears  a  shift  of  the  phase  of 
Sn  and  an  icrease  of  the  amplitude  of 
Szi. (Fig. 3  and  4). The  effect  on  Siz  and 
S2z  are  less  significant. 
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Figure  3 

Variation  of  Sn  with  the  IR  light. 


S  21 


EFFECT  OF  THE  LIGHT  ON  ,,S"  PARAMETERS 

The  "S"  parameters  are  measured  with 
a  network  analyzer  the  transistor  being 
included  in  a  microstrip  fixture. The 
component  is  illuminated  by  a  fiber  at 
the  output  of  a  laser  diode  (A=845nm)  as 
shown  in  Fig. 2. The  diode  delivers  1.3mW 
but  we  can  roughly  consider  that  only 
16^W  enters  the  semiconductor. 


*'  .1  l.l  1,1  2.«  ] 


Figure  4 

Variation  of  S21  with  the  IR  light 
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EFFECT  OF  THE  LIGHT  ON  THE  ELEMENTS 
OF  THE  ELECTRIC  SCHEME 


As  it  can  be  felt  gmo  and  Cgs  are  the 
more  sensitive  elements  as  we  can  see  in 
Fig. 5  and  6 


Figure  5 

Effect  of  the  IR  light  on  gmo 


Figure  6 

Effect  of  the  IR  light  on  Cgs 

It  is  important  to  notice  that  the 
effect  is  sensitive  on  gmo  even  when  its 
value  is  large. In  the  contrary  ,  Cgs 
does  not  change  very  much. 

Some  experiments  have  been  made  with 
a  HeNe  laser  <\=648nm).  Fig. 7  shows  that 
the  effect  on  gmo  if  far  less  sensitive 
and  its  increase  does  not  depend  on  the 
bias. The  other  elements  are  not 
affected . 


Figure  7 

Effect  of  the  red  light  on  gmo 


CONCLUSION 

The  effect  of  the  light  is  more 
sensitive  on  gmo  than  it  is  for  MESFETs 
[3]  and  it  appears  for  large  values. By 
another  hand  ,  the  sensitivity  of  Cgs 
which  is  significant  for  MESFETs 
disappear  for  HEMTs. 

For  the  applications  of  light 
controlled  devices  ,  HEMTs  seem  not  to 
fit  for  the  design  of  oscillators. iN  the 
contrary  they  would  be  useful  for  the 
performance  of  light  controlled 
amplifiers  which  could  be  simultaneously 
fast  and  sensitive. 
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ABSTRACT 

We  developed  a  microwave  oscillator  based  on  a  series 
array  of  100  long  Josephson  tunnel  junctions  coherently 
working  in  the  fluxon  resonating  mode.  This  prototype 
has  satisfied  all  the  requirements  (output  power,  frequency, 
signal  stability  and  purity)  for  local  oscillator  in  integrated 
superconducting  millimeter  receivers. 


INTRODUCTION 

It  is  well  known  that  mixers  based  on  superconducting 
tunnel  device  (SIS  mixer)  have  reached  performances  well 
above  any  other  competitive  device  in  the  field  of  mm-wave 
heterodyne  detection.  In  fact,  the  very  sharp  non-linearity 
of  the  current  versus  voltage  curve  of  an  SIS  tunnel  device 
can  be  used  for  quantum  limited  detection,  i.e.  for  each 
photon  incident  on  the  mixer,  one  electron  is  produced  in 
the  embedding  circuit  (1).  Besides  its  frequency  broad¬ 
band  response,  another  major  advantage  of  SIS  mixers  over 
Schottky  mixers  is  the  low  pumping  power  requirement  that 
is  always  less  the  1  fi W. 

Hitherto  the  local  oscillator  required  for  the  operation 
of  SIS  mixers  has  always  formed  a  separate  device;  the  in¬ 
tegration  on  the  same  chip  of  both  the  mixer  and  the  local 
oscillator  would  give  obvious  advantages  in  terms  of  econ¬ 
omy  and  simplicity  of  operation,  especially  in  space  born 
environments  (satellites,  baloons,  etc.)  where  iightweigth, 
low  volume  and  low  consumption  devices  are  strongly  rec¬ 
ommended. 

A  Long  Josephson  Tunnel  Junction  (LJTJ)  is  a  nat¬ 
ural  candidate  for  the  realization  of  mm-wave  sources  (2): 
in  fact  it  is  well  known  that  such  superconducting  device, 
made  by  two  thin  film  superconducting  electrodes  sepa- 
reted  by  an  extremely  thin  oxide  tunnel  barrier,  exhibits 
current  steps  in  the  I-V  characteristic  (the  so-called  Zero 
Field  Steps),  which  correspond  to  the  resonant  propaga¬ 
tion  of  one  or  more  magnetic  flux  quanta  (fluxons).  When 
the  fluxon  is  reflected  at  the  junction  edge  (because  of  im- 
pedence  mismatch)  an  electromagnetic  radiation  is  emit¬ 
ted,  the  direction  of  motion  reverses  and  eventually  the 
fluxon  reaches  the  opposite  edge  of  the  LJTJ  where  it  un¬ 
dergoes  another  reflection  with  associated  emission  of  ra¬ 
diation.  This  process  repeats  itself  originating  a  periodic 
steady  state  in  which  the  power  supplied  by  the  driving  dc 
external  bias  is  balanced  by  the  losses  due  to  both  viscous 
dissipation  and  radiation  emission.  As  the  fluxon  can  be 
considered  as  a  relativistic  particle  in  a  reflecting  edge  cav¬ 
ity,  the  resulting  electromagnetic  emission  has  a  frequency 
given  by  f=u/2L,  where  u  is  the  average  fluxon  speed  and 
L  is  the  LJTJ’s  length:  typical  values  for  the  fluxon  speed 
u  (107m/s)  and  for  the  length  L  (50/im)  give  f=100  GHz. 
The  radiation  has  a  very  narrow  linewidth  (few  KHz)  be¬ 
cause  the  LJTJ  acts  as  a  non-linear  tunable  high-Q  resonant 


cavity  (3).  These  simple  considerations  make  very  attrac¬ 
tive  the  use  of  a  LJTJ  as  local  oscillator  for  an  SIS  mixer 
because  of  their  complete  technological  compatibility. 

Undoubtedly,  the  main  drawback  of  the  use  of  an  LJTJ 
as  local  oscillator  for  SIS  mixers  is  the  small  amount  of 
power  radiated  by  a  single  device  (about  10-100  pW)  com¬ 
pared  to  the  pumping  level  for  SIS  mixers  (about  10-100 
nW).  Nevertheless,  to  obtain  the  necessary  performance 
one  approach  is  to  put  together  a  large  number  of  LJTJs  all 
operating  in  the  resonating  fluxon  regime  at  the  same  fre¬ 
quency  in  a  phase  locked  state;  such  state  of  coherent  fluxon 
oscillations  is  often  called  superradiance  because  the  total 
emitted  power  builds  up  as  N2  while  the  signal  linewidth 
decreases  as  1/N,  N  being  the  number  of  LJTJs  in  the  array: 
this  behavior  easily  produces  a  considerable  power  increase 
using  arrays  consisting  of  a  limited  number  of  LJTJs. 

LJTJ  ARRAYS 

We  have  realized  a  number  of  series  biased  arrays  of 
many  LJTJs  (up  to  100):  our  preliminary  devices  were  de¬ 
signed  to  operate  at  only  10  GHz  in  order  to  be  able  to 
display  the  detected  signal  directly  on  a  X-band  spectrum 
analyzer.  All  of  our  samples  consist  of  arrays  of  highly 
hysteretic  Nb-Nb  oxide-Pb  LJTJs,  0.5  mm  long,  dc  series 
biased,  having  overlap  geometry.  The  measurements  were 
performed  in  a  standard  cryogenic  equipment  at  4.2  K 

Fig.  1  shows  an  enlarged  view  of  an  8-LJTJ  device: 
each  LJTJ  (shaded  area  in  the  lower  part  of  the  figure)  base 
electrode  has  a  stub  protruding  into  a  50Q  microstrip  line 
which  brings  the  detected  radiation  from  the  cryogenic  bath 
to  the  X-band  low  noise  preamplifier  at  room  temperature. 
This  sort  of  comb  technique  provides  both  the  coupling 
of  the  fluxon  oscillation  in  each  LJTJ  with  the  microstrip 

line  and  the  coupling  among  the  LJTJs  themselves  that  is 
necessary  to  obtain  a  phase  locked  state. 

Considering  that  the  impedence  of  an  array  is  usually 
less  than  lfl,  it  is  clear  that  the  power  transferred  into  a 
50H  load  is  very  low  due  to  the  large  impedence  mismatch; 
it  should  be  noted,  however,  that  such  mismatch  is  needed 
to  avoid  a  severe  loading  of  the  oscillators  that  would  lower 
their  quality  factor  and  broaden  the  linewidth  of  the  emit¬ 
ted  signal  beyond  tolerable  values.  We  have  realized  two 
different  microwave  circuits  in  which  both  the  broadband 
and  narrowband  couplings  were  achieved.  In  the  case  of 
broadband  coupling  generally  a  complex  emitted  spectrum 
is  displayed  on  the  spectrum  analyzer;  in  fact,  as  the  LJTJs 
are  not  identical,  the  fluxon  oscillations  in  each  LJTJ  occur 
at  slightly  different  frequencies  and,  hence,  in  general  they 
emit  radiation  indipendently.  However,  if  the  number  of 
LJTJs  in  the  array  is  large,  they  group  together  in  clusters 
made  of  several  mutually  locked  LJTJs.  The  frequency  of 
the  emitted  lines  can  be  tuned  varying  either  the  dc  bias 
or  the  external  dc  magnetic  field:  doing  so  we  were  able 
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to  tune  the  emitted  signal  over  a  rather  wide  frequency 
range  (  10%  of  the  fundamental  frequency).  While  for  the 
8-junction  array  we  succeded  in  the  aim  of  grouping  all  the 
junctions,  we  were  not  able  to  achieve  the  same  result  for 
the  100-junction  array.  Improving  the  LJTJs  uniformity 
would  make  the  operation  of  the  device  more  reliable;  how¬ 
ever  we  could  measure  often  a  power  larger  than  100  nW 
into  a  50n  load  at  room  temperature.  Details  can  be  found 
in  ref.(4).  In  the  case  of  narrowband  coupling  (  20-junction 
array),  only  the  emission  in  the  coherent  state  could  be  de¬ 
tected.  It  appeared  as  a  single  line  in  the  microwave  spec¬ 
trum,  tunable  in  a  range  of  50  MHz  at  the  center  frequency 
of  10.0  GHz,  very  insensitive  to  thermal  and  electromag¬ 
netic  noise  if  compared  with  the  radiation  emitted  by  a 
single  LJTJ.  Both  the  linewidth  of  the  signal  and  the  long 
term  drift  of  the  signal  frequency  were  better  than  those 
of  the  spectrum  analyzer,  that  is  less  than  10  kHz  and  +- 
25  kHz/10  min  respectively  (without  any  feedback  loop  to 
the  dc  bias  current).  Further  details  of  the  results  so  far 
described  can  be  found  in  ref.  (5). 

CONCLUSIONS 


The  results  we  have  reported  show  that  arrays  of  LJTJs 
operated  in  the  resonant  fluxon  regime  are  suitable  for  local 
oscillator  in  superconducting  microwave  devices  such  as  SIS 
mixers,  parametric  amplifiers  and  voltage  standard  chips. 
In  fact,  in  our  devices  a  special  microwave  circuit  allows 
electromagnetic  interaction  among  all  the  LJTJs  which  gen¬ 
erates  phase  locked  fluxon  oscillations  with  a  consequent  in¬ 
crease  of  the  radiated  power.  However,  further  experimen¬ 
tal  work  is  needed,  supported  by  theoretical  and  numerical 
studies,  to  investigate  the  interaction  mechanisms  among 
the  junctions  and  to  design  a  better  microwave  coupling 
circuit. 

To  conclude,  although  the  amount  of  power  detected 
is  already  enough  for  pumping  SIS  mixers,  the  operating 
frequency  of  the  present  devices  is  of  limited  practical  in¬ 
terest  for  radioastronomical  receivers;  we  believe  that  in  the 
future,  with  a  proper  design  of  the  devices  under  study,  a 
reliable  operation  of  the  local  oscillator  can  be  obtained  at 
frequency  up  to  few  hundreths  of  GHz.  In  this  ligth,  the 
results  shown  above  represent  an  important  step  in  the  re¬ 
alization  of  an  integrated  fully  superconducting  mm-wave 
receiver. 


Figure  I 

Sample  geometry  of  the  8-LJTJ.  The  LJTJs  are  rep¬ 
resented  by  the  shaded  area. 
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ABSTRACT 

A  balloon-borne  far-infrared  telescope 
has  been  designed  and  built  to  observe  the 
infrared  emission  from  the  Cygnus  region  in 
the  galactic  plane  between  120  pm  and 
300  pm  wavelength.  The  system  performance, 
objects  as  well  as  results  of  the  first 
flight  in  September  1988  will  be  dis¬ 
cussed  . 


INTRODUCTION 

Far-infrared  and  submillimeter-wave 
astronomy  are  relatively  new  branches  of 
astronomical  research.  This  is  due  to  the 
poor  transmission  of  the  terrestrial  atmos¬ 
phere  in  this  spectral  range.  A  restricted 
number  of  narrow  spectral  windows  allow 
the  observation  of  astronomical  objects  di¬ 
rectly  from  the  ground.  Reliable  observa¬ 
tions  have  therefore  to  be  performed  from 
satellites,  stratospheric  balloon  gondolas 
or  aircraft.  Far-infrared  astronomy  pro¬ 
vides  important  information  on  gas  clouds. 
It  allows  the  determination  of  their  physi¬ 
cal  parameters  such  as  temperature,  pres¬ 
sure  and  velocity,  as  well  as  of  the  chemi¬ 
cal  species  and  their  states  of  ioniza¬ 
tion.  Radiative  cooling  of  gas  clouds  may 
occur  by  collisional  excitation  of  small 
molecules,  e.g.  OH,  CO,  CH  or  H20,  into 
higher  rotational  levels.  If  high  J-levels 
are  excited  radiation  is  emitted  in  the  far 
infrared.  This  radiation  process  dominates 
hot  shocked  molecular  regions  which  are 
related  to  collapses  of  cold  clouds  of  a 
few  Kelvin  heated  to  ..♦■'■'liar  temperatures 
of  a  few  thousand  Kelvin.  In  these  molecu¬ 
lar  clouds  compressed  by  shocks  new  stars 
can  form. 

Observation  of  these  poorly  known 
collapse  processes  have  become  possible  in 
recent  years  by  the  application  of  bal¬ 
loon-borne  [l]  and  airborne  [2]  instru¬ 
ments.  In  this  context,  far-infrared  tele¬ 
scopes  have  been  equipped  with  grating 
spectrometers  of  Fabry-Perot  interfero¬ 
meters.  At  stratospheric  altitudes  the 
astrophysical  instrumentation  has  the  ad¬ 
vantage  of  a  highly  transparent  atmos¬ 
phere.  At  the  altitudes  reached  by  balloons 
(30  to  40  km)  the  atmospheric  emissivity 
and  its  fluctuations  are  also  considerably 
lower  than  at  aircraft  altitudes  (10  to 


20  km).  The  best  performance  is  attained 
with  observations  from  satellites,  e.g.  the 
excellent  survey  mission  performed  by  the 
Infrared  Astronomical  Satellite  IRAS  [3]. 


ASTRONOMICAL  OBJECTS 

Many  regions  of  molecular  gas  clouds 
exist  in  our  galaxy.  Some  of  them  show  ac¬ 
tive  star  formation  processes  with  strong 
emission  of  infrared  radiation  due  to  shock 
excited  gas.  One  of  the  best  studied  region 
of  star  formation  is  the  Orion  molecular 
cloud  [4].  In  order  to  obtain  further  infor¬ 
mation  on  formation  and  evolution  of  stars 
the  study  of  other  regions  of  dense  inter¬ 
stellar  molecular  clouds  is  required. 

The  survey  of  the  galactic  infrared  ra¬ 
diation  as  performed  by  IRAS  [3]  shows  re¬ 
gions  of  strong  emission  at  wavelengths 
between  12  pm  and  100  pm,  e.g.  the  Cygnus 
region  in  the  galactic  plane.  It  is  expected 
that  star  formation  processes  also  takes 
place  in  this  region.  Fig.  1  reproduces  its 
intensity  contourline  representation  of  the 
100  pm  emission  evaluated  from  the  IRAS  data 
in  cooperation  with  the  Laboratory  for  Space 
Research  and  the  University  of  Groningen, 
NL.  The  IRAS  survey  was  restricted  to  wave¬ 
lengths  less  than  100  pm.  The  aim  of  our  in¬ 
vestigation  is  to  extend  this  spectral  range 
to  longer  wavelengths  and  subsequently  to 
measure  detailed  spectra  of  selected  ob¬ 
jects.  First,  we  intend  to  fly  a  balloon- 
borne  infrared  telescope  to  make  photometric 
surveys  of  the  Cygnus  region  with  a 
2.5  arcmin  spatial  resolution  at  the  wave¬ 
lengths  80  pm,  125  pm  and  330  pm.  In  a  sec¬ 
ond  flight  we  intend  to  measure  spectra  ^f 
selected  objects  in  the  same  spectral  range 
with  a  high-resolution  Fabry-Perot  inter¬ 
ferometer  . 


INSTRUMENTATION 

We  have  designed  and  built  a  60  cm 
far-infrared  balloon-borne  telescope  with 
attached  photometer.  A  schematic  of  the  com¬ 
plete  system  is  shown  in  Fig.  2.  The  Casse¬ 
grain-type  telescope  with  a  diffraction- 
limited  field  of  view  was  previously  used 
for  the  determination  of  temperature  in¬ 
creases  over  active  regions  on  the  solar 
disk  [5].  For  the  observation  of  molecular 
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clouds  in  the  galactic  plane,  we  have  con-  500  kg,  the  balloon  volume  is  380.000  m3 

structed  a  completely  new  instrument  be-  and  the  expected  observation  altitude  is 

cause  of  the  higher  sensitivity  required.  39  km. 

We  have  applied  a  lightweight  telescope 
frame  with  a  honeycomb  instrumental  plat¬ 
form  and  a  carbon  fibre  reinforced  plastic  Acknowl edgement : 

telescope  tube  to  reduce  the  weight  of  the 

instrument  as  far  as  possible  without  loss  This  study  is  supported  by  the  Swiss 

of  mechanical  stiffness.  A  pointing  accura-  National  Science  Foundation  (SNF),  ETH 

cy  of  about  20  arcsec  for  any  selected  Zurich  and  Geneva  Observatory, 

point  in  the  Cygnus  region  can  be  attained. 
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Fig.  1:  Fig.  2: 

100  pm  image  of  Cygnus  region  Stratospheric  gondola 


FIRST  FLIGHT 

The  first  flight  of  our  balloon-borne 
telescope  is  planned  to  take  place  at  the 
French  balloon  facility  of  CNES  in  Septem¬ 
ber  1988.  The  gondola  weighs  slightly  below 
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ABSTRACT 

This  report  is  about  a  mechanically  tunable 
solid  state  source  with  a  varactor  quintup- 
ler  in  waveguide  technique.  Its  main  purpose 
was  to  provide  output  power  at  490  GHz  for 
use  in  a  radioastronoray  receiver  (1).  The  de¬ 
vice  has  been  tested  between  470  and  550GHz. 
Results  are  presented  as  increase  in  recti¬ 
fied  current  in  a  dc-Biased  Schottky-Detek- 
tor . 

INTRODUCTION 


The  power  requirements  of  a  SIS-hederodyne 
receiver  are-(h  v/e\  -'-.which  at  490  GHz  re¬ 
sults  in  80  nVI  with7  Rn=50J1  .  However  due  to 
circuit  and  coupling  losses  in  the  local  os¬ 
cillator  chain  typically  3-6  dB  more  are  nee¬ 
ded.  This  can  be  achieved  through  a  fully 
solid-state  source  as  now  (a)  varactor  di¬ 
odes  with  sufficiently  high  cutt-off  frequen¬ 
cies  and  high  breakdown  voltages  and  (b)  gunn 
oscillators  with  output  power  up  to  50  mW  at 
115  GHz  are  available.  Though  a  tandem-sour¬ 
ce,  for  example  a  tr ipler-doubler  combina¬ 
tion  with  varactor  and  varistor-diode  resp. 
may  be  made  with  a  wider  tunning  range,  the 
one  diode  with  immediate  high  order  multipli¬ 
cation  has  the  advantage  of  higher  reliabili¬ 
ty.  A  disadvantage  is  that  it  needs  reactive 
terminations  at  various  harmonics  (idlers)  , 
which  makes  its  manufacturing  more  difficult. 
The  varactor  available,  was  a  6P2  from  the 
Semiconductor  Device  Lab,  University  of  Vir¬ 
ginia.  Its  capacitance-voltage  dependence  is 
theoretically  given  by 


Cj(v)=Cj (o) 


n 


Cj (o) =capacitance  at  OV,  0=contact  potential. 
Tne  actual  device  followed  this  law  approx, 
up  to  6V,  where  the  capacitance  was  a  mini¬ 
mum  of  6.0  fF.  A  figure  of  merit  for  the  mul¬ 
tiplier  is  the  dynamic  cutoff  frequency 


f  Smax-Smin 
c"  2-!TRs 


Smax=l/Cmin,  Smin=l/Cmax 
with  Gnax*20  fF,  Gnin=6.6  fF  and  Rs=12/2. 
this  cutoff  frequency  is  1550GHz.  The  the¬ 
ory  of  varactor  multipliers  as  given  by  Pen- 
field  and  Rafuse  (2)  shows  the  maximum  effi¬ 
ciency  of  a  1 -2-4-5  quintupler  for  an  input 
frequency  fo=0.06  f„  (in  our  case  fp=98  GHz) 
to  be  about  0.5%.  It  means  that  with  50  mW 


input  power,  250/u.W  of  output  power  should  be 
available  (ideal  case  with  lossless  idler 
terminations) .  In  practice  this  cannot  be  a- 
chieved,  but  allowing  20  dB  excessive  loss 
for  a  worst  case,  would  still  result  in 
2.5/WW.Xn  (2)  it  is  also  shown  that  with  a 


1-2-3-5  Quintupler  in  the  high  frequency  li¬ 
mit  the  output  power  is  by  a  factor  of  7 
higher  than  with  the  1-2-4-5  Quintupler.  To 
obtain  maximum  output  power  the  following  re¬ 
quirements  have  to  be  fulfilled. 

1. )  The  input  and  output  circuits  schould 

be  well  matched  to  the  diode. 

2. )  The  circuits  should  completely  decoupled 

3. )  The  idler  frequencies  should  (a)  be  tu¬ 

nable,  (b)  experience  no  other  resis¬ 
tive  loss  than  the  unavoidable  series 
resistance  of  the  diode. 

MOUNT  DESCRIPTION 

The  quintupler  mount  consists  of  several 
blocks  (see  Fig.  1).  The  central  piece,  the 
varactor  diode,  is  soldered  to  the  end  of  a 
five-section  Tchebycheff  filter  in  coaxial 
technique  and  forms  part  of  the  first  filter 
section  (see  Fig. 2).  The  filter  is  held  iso¬ 
lated  in  the  middle  block  by  a  macor  bushing. 
It  acts  as  a  low  pass  for  the  fundamental 
and  offers  high  rejection  at  the  idlers  and 
output  frequency.  Several  filters  had  to 
build  before  optimum  performance  could  be 
achieved,  though  low  frequency  modeling  was 
used  to  verify  theoretical  design. 

Input  power  is  coupled  through  a  probe  from 
WR-8  waveguide  which  was  reduced  to  1/2 
height  and  terminated  by  a  contacting  back- 
short. 

The  diode  surface  is  flush  with  the  broad- 
wall  of  a  complex  waveguide  section  in  the 
lower  block.  This  section  is  beyond  cutoff 
(axb=lx0,2mm)  for  the  input  frequency.  Three 
stub  lines  in  the  H-plane  allow  tuning  of 
the  second,  third  and  forth  harmonic.  A  bott¬ 
leneck  section  towards  the  output  (cutoff 
430  GHz)  allowed  propagation  from  the  fifth 
harmonic  upward  only.  Its  length  was  deter¬ 
mined  by  frequency  modeling  to  achieve  low 
reflection  loss.  The  output  waveguide  was 
slightly  overmoded  to  adapt  it  to  the  dimen¬ 
sions  of  a  modified  potterhorn. 

The  diode  was  contacted  by  a  whisker  of  5/*m 
diameter,  mounted  on  a  post  of  0.25mm  width. 
The  optimum  whisker  length  was  70 /*m  ,  the 
post  protrudedl3C)fcm  into  the  waveguide. DC- 
connection  to  the  diode  was  provided  through 
a  rejection  filter  for  the  fundamental  fre¬ 
quency  contacting  the  waveguide  probe. 

RESULTS 


As  there  was  no  adequate  power-meter  at 
490  GHz  available,  a  Schottky-diode  detec¬ 
tor  with  circular  feedhorn  was  used.  The 
Schottky-diode  has  a  much  less  steep  DC- 
characteristic  than  a  SIS-junction,  there- 
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for  a  rectified  current  of  several  >k- Amps 
at  the  diode  was  regarded  as  sufficient  to 
drive  a  SIS-junctions.  A  circular  feedhorn 
mounted  to  the  multiplier  was  used  to  couple 
its  output  power  to  the  detector  (see  fig. 3). 
The  mismatch  at  the  feedhorn  apertures  was 
used  to  determine  the  output  frequency  by  mo¬ 
ving  the  horn  and  measuring  the  distances  of 
max ima . 

Input  power  was  provided  by  one  gunn  oscilla¬ 
tor  tunable  from  94-98  GHz  with  approx.  50  mW 
and  another  gunn  oscillator  at  110  GHz  with 
30  mW.  The  table  gives  the  results  as  recti¬ 
fied  current  at  the  detector  after  it  was 
biased  to  10  A  initially.  There  are  no  cor¬ 
rections  for  mismatch  between  multiplier  and 
detector  or  loss  in  the  filter. 
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ABSTRACT 

We  describe  an  induction-linac  based  free-elcctron  laser  amplifier  that 
is  presently  under  construction  at  the  Lawrence  Livermore  National  Lab¬ 
oratory.  It  is  designed  to  produce  up  to  2  MW  of  average  power  at  a 
frequency  of  250  GHz  for  plasma  heating  experiments  in  the  Microwave 
Tokamak  Experiment.  In  addition,  we  shall  describe  a  FEL  amplifier  de¬ 
sign  for  plasma  heating  of  advanced  tokamak  fusion  devices.  This  system 
is  designed  to  produce  average  power  levels  of  about  10  MW  at  frequen¬ 
cies  ranging  from  280  to  560  GIIz. 

INTRODUCTION 

Induction-linac  driven  free-electron  laser  (IFEL)  amplifier  experiments 
in  the  Electron  Laser  Facility  (ELF)  at  the  Lawrence  Livermore  National 
Laboratory  (LLNL),  have  demonstrated  high  gain  and  efficiency  at  mi¬ 
crowave  frequencies  ranging  from  34.6  to  140  GHz[l,2).  At  34.6  GHz, 
exponential  gains  of  34  dB/m  were  observed,  and  overall  gains  of  43  dB 
were  achieved  (1).  Peak  power  levels  of  1  GW  were  achieved  with  an 
overall  extraction  efficiency  of  34%.  At  140  GHz,  exponential  gains  of 
22  dB/m  were  demonstrated,  along  with  peak  powers  exceeding  50  MW 
and  overall  gains  of  65  dB  [2],  These  successes  have  encouraged  the  de¬ 
velopment  of  an  IFEL  amplifier  named  the  Intense  Microwave  Prototype 
(IMP)  that  will  provide  high-average-power  (about  2  MW)  microwaves  at 
250  GHz  for  electron  cyclotron  resonance  heating  (ECRH)  of  the  plasma 
in  the  Microwave  Tokamak  Experiment  (MTX).  In  addition,  we  have  ex¬ 
amined  some  of  the  physics  and  technology  issues  necessary  to  extend 
the  IMP  design  to  higher  average  power  levels  of  up  to  10  MW  per  unit. 

We  first  briefly  summarize  the  physics  design  of  IMP  and  its  expected 
performance.  Next  we  shall  describe  the  experiment.  Then  we  will  dis¬ 
cuss  the  design  of  an  IFEL  system  for  ECRH  in  advanced  tokamak  fusion 
devices  such  as  the  Compact  Ignition  Tokamak  or  the  International  Ther¬ 
monuclear  Experimental  Reactor.  This  design  will  consider  two  operating 
frequencies,  280  GIIz,  suitable  for  fundamental  heating  at  a  10  T  mag¬ 
netic  field,  and  560  GHz,  suitable  for  second  harmonic  heating  at  10  T. 
A  summary  concludes  the  report. 

FEL  PHYSICS  DESIGN  AND  PERFORMANCE  FOR  IMP 

The  design  calculations  for  IMP  are  detailed  in  Ref.  3.  We  used  the 
two-dimensional  version  of  the  LLNL  free-electron  laser  simulation  code, 
FRED  [4],  the  simulation  code  for  sideband  calculations,  GINGER,  and 
the  methodology  of  the  wiggler  optimization  (3)  developed  for  the  design 
of  FEL  systems,  where  moderate  space-charge  effects  arc  important. 

Engineering  and  physics  constraints  place  limits  on  the  waveguide  di¬ 
mensions,  the  optimum  wiggler  period,  the  peak  wiggler  magnetic  flux 
density,  and  the  maximum  electron  beam  energy  that  can  be  used  in  the 
FEL  system.  The  engineering  constraints  are  the  rf  wall  loading  and  the 
beam  linear  fill  factor  (defined  as  the  ratio  of  the  beam  linear  dimen¬ 
sion  to  the  waveguide  linear  dimension  in  the  same  plane).  To  satisfy 
these  constraints  we  require  a  rectangular  (or  elliptical)  waveguide  with 
dimensions  3.5  by  3.0  cm,  a  wiggler  with  a  4- cm  gap  spacing  and  a 
10-  cm  period,  and  a  maximum  peak  magnetic  field  of  about  5  kG.  With 
these  limits  on  the  wiggler,  the  physics  constraints  (i.e.  FEL  synchro¬ 
nism)  set  the  maximum  beam  energy'  at  about  11  McV.  Our  choice  of  a 
10  MeV  beam  energy  as  the  operating  energy  means  that  we  choose  to 
operate  with  a  peak  magnetic  flux  density  of  about  4.5  kG. 

The  calculations  assumed  an  electron  beam  current  of  3  kA,  a  beam 
energy  of  iO  MeV,  a  beam  brightness  of  I08  A/(m  -  rad)2,  and  an  input 
laser  power  of  500  W  at  250  GIIz.  We  predict  that  the  peak  TEoi  power 


will  be  12.9  GW  (out  of  a  total  of  13.2  GW),  giving  a  modal  purity 
of  98%  and  an  energy  extraction  efficiency  of  about  44%.  The  overall 
gain  is  about  74  dB  with  an  incremental  gam  of  about  31  dB/m  in  the 
exponential  gain  region.  Approximately  70%  of  the  beam  particles  are 
trapped  in  the  ponderomotive  well. 

The  FEL  performance  described  above  assumes  that  the  FEL  param¬ 
eters  are  ail  at  their  optimum  values,  with  no  alignment  or  wiggler  errors, 
no  Beam  displacements,  no  energy  sweep,  and  the  full  rated  beam  current 
and  input  laser  power.  Such  a  situation  is  highly  unlikely  in  the  exper¬ 
iment.  Calculations  were  performed  to  determine  the  acceptable  ranges 
in  the  errors  when  they  were  applied  individually  and  then  when  they 
were  combined,  i.e.,  when  all  the  errors  are  applied  simultaneously. 

We  found  that  a  10%  decrease  in  the  current  produces  a  20%  drop  in 
the  output  TEoi  power.  The  dependence  of  the  output  TEoi  power  on 
the  input  laser  power  is  quite  weak.  Input  powers  ranging  from  200  W 
to  1  kW  are  acceptable.  The  allowed  combined  error  limits  for  the  other 
listed  parameters  are  ±1%  beam  energy  sweep,  1  mm  beam  offset,  and 
0.1%  rms  wiggler  error.  With  these  combined  errors,  using  a  3  kA  beam 
with  500  W  input  power,  the  output  TEoi  power  decreases  from  the  “no 
error”  value  of  12.9  GW  to  about  11.5  GW.  The  extraction  efficiency 
drops  from  44%  to  39%.  Variations  in  beam  current  of  about  ±4%  during 
the  pulse  may  be  required  to  achieve  the  desired  energy  regulation.  A  4% 
average  sag  in  the  current  during  a  pulse  would  reduce  the  output  power 
to  about  10  GW  (36%  extraction  efficiency).  The  beam  linear  fill  factor 
grows  from  the  no-error  value  of  50%  to  about  60%  with  the  combined 
errors. 


DESCRIPTION  OF  THE  EXPERIMENT 

The  overall  experiment  consists  of  several  major  segments  that  are 
complete  experiments  in  their  own  right.  The  Electron  Test  Accelerator- 
II  (ETA-II)  (5)  was  designed  as  a  high-average-power  induction  accelera¬ 
tor,  expected  to  produce  an  electron  beam  with  a  current  of  3  kA  at  an 
energy  of  up  to  10  MeV  and  a  brightness  of  over  108  A/(m  -  rad)2.  In  ad¬ 
dition,  it  was  designed  to  produce  50-  ns-wide  pulses  at  a  repetition  rate 
(PRF)  of  5  kHz  for  up  to  30  s.  It  is  currently  being  tested  at  an  energy, 
current,  brightness,  and  PRF  of  5.5  MeV,  1  kA,  6  x  108  A/(m  -  rad)2, 
and  1  Hz.  In  this  paper,  we  assume  that  the  accelerator  will  successfully 
provide  the  3-kA  current  at  an  energy  of  10  MeV  and  a  brightness  of 
10s  A/(m-rad)2. 

The  IMP  FEL  itself  consists  of  several  major  subsystems.  There  is 
a  beam  transport  system  with  emittance  filter  and  achromatic  jog  to 
transport  the  beam  from  the  end  of  the  accelerator  to  the  wiggler,  a 
rf  coupling  and  beam  matching  section  to  bring  the  electron  beam  and 
input  signal  together  at  the  entrance  to  the  wiggler,  the  wiggler  itself, 
and  a  microwave  transport  system  that  transmits  the  output  power  to 
the  tokamak.  We  shall  now  briefly  describe  each  subsystem. 

Electron  Beam  Transport  System 

The  electron  beam  transport  system  transports,  diagnoses,  and  condi¬ 
tions  the  high-average-power  electron  beam  prior  to  injecting  it  into  the 
wiggler.  It  uses  a  scries  of  solenoid  and  quadruple  magnets  to  transport 
the  beam  from  the  exit  of  the  accelerator  to  the  wiggler  entrance.  Diag¬ 
nostics  are  provided  in  the  beamline  to  measure  beam  current,  energy, 
position,  spatial  shape,  energy,  and  brightness.  An  emittance  filter  con¬ 
sisting  of  a  series  of  range-thin  graphite  apertures  in  the  beamline  is  used 
to  scatter  any  low-density  halo  electrons  to  the  wall  over  a  distributed 
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ares.  At  the  exit  of  the  wiggler,  an  Enge  magnet  is  used  to  magnetically 
“reimage”  the  beam  from  the  FEL  into  a  simple  graphite  beam  absorber. 

RF  Coupling  and  Beam  Matching  Section 

Two  pairs  of  quadrupole  doublets  located  immediately  in  front  of  the 
wiggler  form  the  beam  matching  section,  which  properly  focuses  the  elec¬ 
tron  beam  into  the  wiggler  to  minimixe  any  betatron  motion  that  would 
otherwise  degrade  the  FEL  performance. 

The  rf  coupling  section,  located  near  the  beam  matching  section,  in¬ 
jects  the  input  microwave  signal  collinearly  with  the  electron  beam.  For 
operation  at  high  average  power,  a  method  of  coupling  the  input  mi¬ 
crowave  signal  that  does  not  intercept  the  electron  beam  is  required. 
The  baseline  design  uses  an  achromatic  jog  to  offset  the  axis  of  the  ac¬ 
celerator  from  that  of  the  wiggler,  thereby  allowing  the  microwave  signal 
to  be  injected  straight  through  the  beam  matching  section  into  the  wig¬ 
gler.  An  alternative  method  that  does  not  require  an  achromatic  jog  is 
desired  to  minimize  costs,  and  several  methods  are  being  studied.  In  gen¬ 
eral,  these  methods  involve  an  apertured  reflector  that  is  located  within 
the  beamline  and  injects  the  microwave  signal  into  the  waveguide  at  an 
oblique  angle. 

Wiggler  D«ign 

The  wiggler  being  designed  for  IMP  will  have  a  3.8-m  long  high-field 
section  tunable  from  4.7  to  approximately  2.5  kG,  and  a  second,  lower 
field  section  tunable  from  approximately  3.5  to  0.5  kG.  It  will  have  a 
10-  cm  period  and  a  gap  of  about  3.7  cm.  In  addition,  to  meet  the  random 
wiggler  error  tolerances  determined  in  the  simulations,  the  pole-to-pole 
random  errors  (AB/B)  must  be  less  than  0.1%  rms.  We  are  designing  a 
permanent-magnet  laced  electromagnetic  wiggler  for  this  application  [6]. 

In  the  laced  wiggler  concept,  permanent  magnets  are  employed  to  sup¬ 
press  magnetic  saturation  in  the  poles  of  a  dc  iron-core  electromagnetic 
wiggler;  the  laced  geometry  features  permanent  magnet  blocks  located 
between  poles  (just  as  in  a  permanent-magnet  hybrid  wiggler)  actually 
interspersed  in  the  coils.  This  configuration  allows  a  higher  maximum 
field  to  be  attained,  although  the  tuning  range  (within  which  the  random 
field  errors  are  acceptably  small)  is  somewhat  reduced. 

Microwave  Transport  System 

A  quasi-optical  microwave  transmission  system  has  been  designed  to 
transport  the  high  power  microwave  radiation  generated  within  the  FEL 
from  the  wiggler  to  the  tokamak,  a  distance  of  over  30  m.  The  system 
uses  four  copper  mirrors,  each  about  17  by  23  in.  in  diameter,  and 
whose  surface  is  an  elliptic  paraboloid.  The  system  has  been  designed 
to  preserve  horizontal  polarization,  to  keep  the  microwave  power  density 
well  below  mirror  surface-heating  damage  thresholds,  and  to  maintain 
acceptable  transmission  losses.  Microwave  transport  codes  predict  that 
the  total  transmission  loss  from  the  wiggler  through  the  4-  by  30-  cm  MTX 
port  is  less  than  8%,  with  only  half  of  that  occurring  after  the  first  mirror. 
The  dominant  losses  at  the  first  optic  arise  from  loss  of  power  in  the  side 
lobes  in  the  far-field  radiation  pattern  of  the  waveguide  aperture.  The 
transmission  system  is  windowless,  with  the  vacuum  maintained  by  two 
turbopumps  and  the  differential  pumping  between  the  FEL  and  tokamak 
systems  that  occurs  naturally  because  of  the  long  vacuum  path. 

IFEL  DESIGN  FOR  CIT  AND  ITER  APPLICATIONS 

While  wall  loading  was  not  a  problem  with  the  2-  MW  average  power 
and  the  short  pulse  length  of  0.5  s  in  IMP,  the  higher  average  power  levels 
and  longer  pulse  lengths  (5  to  10  s)  required  for  the  10-MW  designs  would 
make  the  expected  life  of  a  smooth-walled  copper  waveguide  much  too 
short  to  be  considered  practical.  By  considering  the  low  dissipation  of 
the  HEn  mode  and  propagation  in  a  circular,  corrugated  waveguide,  we 
calculate  a  temperature  rise  that  is  lower  by  two  orders  of  magnitude 
(compared  to  the  smooth-walled  case),  and  consequently,  the  fatigue  life 
of  the  waveguide  is  no  longer  an  issue.  However,  the  beam  linear  fill 
factor  in  the  waveguide  is  still  important  and  it  determines  the  required 
waveguide  size  and  the  wiggler  gap  spacing.  We  require  waveguides  with 
an  inner  diameter  of  about  3.5  cm  and  thus  need  wiggler  parameters  that 
are  identical  to  those  of  IMP,  namely  a  4  cmgap,al0  cm  wiggler  period, 
and  a  limit  of  5  kG  on  the  flux  density.  Moreover,  FEL  synchronism 
considerations  again  put  an  upper  limit  on  the  usable  electron  beam 
energy  of  about  11.5  MeV  at  280  GHz  and  16  MeV  at  560  GHz. 


The  FEL  optimization  and  error  considerations  are  similar  to  those 
for  the  IMP  design.  We  again  have  a  3  kA  beam  with  a  brightness  of 
10*A/(m  — rad)2.  The  master  oscillator  input  power  to  the  wiggler  is 
500  W.  A  summary  of  typical  parameters  is  given  in  Table  1. 

To  examine  the  physics  and  technology  advances  needed  to  produce 
an  economical  IFEL  system  for  heating  CIT  or  ITER,  we  have  under¬ 
taken  a  systems  study  [7]  to  examine  the  effects  of  higher  magnetic  fields 
and  beam  energies,  changes  in  the  PRF  and  pulse  width,  advances  in  the 
pulse  power  drivers,  and  improvements  in  ferrite  material  and  cooling. 
The  studies  show  that  costs  can  be  decreased  if  we  do  not  have  to  mul¬ 
tiplex  two  pulse  power  chains  in  each  cell.  The  most  efficient  method  of 
obtaining  increased  peak  power  in  the  FEL  is  to  increase  the  initial  elec¬ 
tron  beam  energy.  This  increase  will  cause  the  accelerator  costs  to  go  up; 
however,  if  the  gain  increases  sufficiently,  only  one  pulsed  power  chain  per 
cell  is  required  and  the  costs  would  decrease.  The  cost  and  risk  factors 
are  folded  into  our  design  strategy  to  produce  a  system  with  minimum 
cost  and  reduced  risks.  For  the  basic  configuration  for  the  280-GHz,  10- 
MW  FEL,  the  accelerator  has  four  pulse  power  chains,  no  multiplexing, 
a  pulse  width  of  70  ns,  and  a  PRF  of  10  kHz. 

SUMMARY 

We  have  described  the  IMP  FEL  presently  being  built  at  LLNL  for 
plasma  heating  experiments  in  MTX.  We  expect  to  produce  2  MW  of 
average  power  at  250  GHz  for  periods  up  to  0.5  s  using  a  3-kA  beam 
at  an  energy  of  10  MeV  and  a  brightness  of  10*  A/(m  —  rad)2.  Even 
with  realistic  limits  on  the  electron  beam  offset,  beam  energy  sweep,  and 
random  wiggler  errors,  the  calculations  indicate  that  the  desired  power 
levels  can  be  achieved. 

We  have  also  shown  that  IFEL  technology  can  be  used  for  plasma 
heating  in  an  advanced  tokamak  fusion  device,  providing  average  power 
levels  in  the  10-  MW  range  at  frequencies  of  280  and  560  GHz  with 
basically  the  same  machine.  The  design  uses  a  corrugated  waveguide 
to  propagate  the  HEn  mode  and  appears  to  alleviate  possible  microwave 
loading  problems  on  the  waveguide  walls.  At  280  GHz,  we  have  chosen  as 
our  baseline  a  10-kIIz  design  that  minimizes  the  total  system  costs,  since 
only  one  pulsed  power  chain  is  required  per  cell.  We  achieve  the  required 
duty  factor  by  using  a  70-ns  pulse  width  and  by  increasing  the  electron 
beam  energy  to  13  MeV,  thereby  improving  the  extraction  efficiency.  We 
must  use  vanadium-permendur  as  the  wiggler  pole  material  to  achieve 
the  higher  magnetic  fields  required  at  this  higher  beam  energy. 
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Table  1. 

C1T/ITER  FEL  design  summary.  Values  in  parentheses  show  perfor¬ 
mance  with  combined  standard  errors. 


Parameter 

560  GHz 

280  GHz 

Beam  energy  (MeV) 

14 

10 

Wiggler  length  (m) 

4.0 

3.0 

Constant  magnetic  field  (kG) 

4.0 

4.1 

Minimum  magnetic  field  (kG) 

1.6 

1.4 

HEn  output  power  (GW) 

15  (13) 

12  (10) 

Extraction  efficiency  (%) 

37  (32) 

43  (34) 

Trapping  efficiency  (%) 

69  (55) 

74  (55) 

Linear  beam  fill  factor  (%) 

50  (60) 

50  (60) 
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ABSTRACT 

After  a  brief  review  of  the  basic  free-electron  laser  (FEL) 
physics,  we  will  discuss  the  following  topics  :  efficiency 
optimization  of  a  millimeter-wave  FEL,  optical  guiding  ex¬ 
periments  in  a  microwave  FEL  and  pulse  shaping  and  com¬ 
pression  in  a  FEL  amplifier. 

EFFICIENCY  OPTIMIZATION 

It  has  now  long  been  recognized  that  the  efficiency  of  FELs 
depends  critically  on  the  quality  of  the  electron  beam  (ax¬ 
ial  energy  spread  A7||/7j|)  and  the  stability  of  the  elec¬ 
tron  trajectories  in  the  wiggler  field.  This  last  require¬ 
ment  implies  that  the  electrons  must  be  launched  adia- 
balicaliv  into  the  wiggler  interaction  region  and  that  the 
beam  radius  n,  should  be  kept  small  (kwrb  <C  1)-  For 
a  constant  current  density  j,  decreasing  the  beam  radius 
also  results  in  a  reduction  of  the  beam  current  i&  =  y-7rr| 
and  of  the  space-charge  potential  drop  across  the  electron 
beam  AF  ~  ii/Amopc,  thus  improving  the  beam  quality 
by  reducing  the  space-charge  contribution  to  the  axial  en¬ 
ergy  spread.  In  addition,  in  reducing  the  beam  radius,  we 
scrape  off  the  “hot”  outer  electrons,  thus  decreasing  the 
thermal  contribution  to  A7y/7||. 

It  is  equally  important  to  note  that  FEL  operation 
in  the  collective  regime  is  characterized  by  the  large  sepa¬ 
ration  of  the  fast  and  slow  space-charge  waves  supported 
by  the  modulated  electron  beam  (as  opposed  to  their  de¬ 
generate  state  in  the  single-particle,  Compton,  regime). 
This  implies  that  the  electron  beam  must  be  intense  and 
cold  (the  axial  velocity  spread  must  be  small  compared 
to  the  phase  velocity  difference  between  the  fast  and  slow 
space-charge  waves).  As  a  result,  the  FEL  interaction  can 
described,  in  the  Raman  regime,  by  a  two-wave  coupling 
process,  yielding  larger  gains  and  higher  efficiencies  than 
in  the  single-particle  regime  (three- wave  coupling). 

Based  on  these  simple  considerations,  we  have  per¬ 
formed  a  FEL  experiment  to  demonstrate  high-gain,  high- 
efficiency  operation  of  a  millimeter-wave  FEL  in  the  Ra¬ 
man  regime,  and  to  study  the  saturated  efficiency  as  a  func¬ 
tion  of  the  beam  current  and  radius.  We  have  operated  our 
millimeter-wave  FEL  with  a  number  of  beam  radii  and  cur¬ 
rents,  while  keeping  all  other  parameters  constant  :  beam 


energy  700  keV,  axial  guide  magnetic  field  By  =  9.6  kG, 
wiggler  amplitude  Bw  —  300  G,  wiggler  periodicity  iw  = 
20  mm  and  output  frequency  w+ /2-rr  ~  120  GHz.  The  re¬ 
sults,  shown  in  Fig.  1,  clearly  indicate  that  the  saturated 
efficiency  increases  with  decreasing  beam  radius  and  cur¬ 
rent,  as  expected  from  the  considerations  discussed  above. 
A  peak  efficiency  of  about  18  %  is  obtained  for  =  1  mm 
and  i),  =  30  A.  At  radii  above  the  optimum,  the  electron 
beam  axial  energy  spread  increases,  while  the  quality  of  the 
electron  trajectories  in  the  wiggler  field  degrades,  yielding 
lower  efficiencies.  At  lower  beam  radii,  for  optically  guided 
modes,  the  beam  diameter  becomes  smaller  than  the  radi¬ 
ation  wavelength  (2 rj,  <  A)  and  diffraction  can  no  longer 
be  balanced  by  refractive  guiding. 

OPTICAL  GUIDING 

One  of  the  remarkable  properties  of  the  FEL,  apart  from  its 
wavelength  tunabilty  and  high  efficiency,  is  the  large  phase 
shift  which  the  resonant  interaction  induces  in  the  ampli¬ 
fied  electromagnetic  wave.  Under  proper  circumstances, 
this  phase  shift  can  have  a  sign  such  that  the  electromag¬ 
netic  wave  is  refracted  towards  the  axis  of  the  electron 
beam,  in  a  manner  somewhat  akin  to  the  guiding  prop¬ 
erties  of  an  optical  fiber,  and  which  is  now  referred  to 
as  “refractive  guiding”  (as  opposed  to  the  so-called  “gain 
guiding”,  which  is  actually  an  artifact,  where  photon  de¬ 
pletion  due  to  diffraction  is  compensated  by  the  large  FEL 
gain  inside  the  electron  beam).  Refractive  optical  guiding 
can  balance  the  effects  of  diffraction  and  thereby  allow  the 
length  of  FEL  wigglers  to  exceed  the  Rayleigh  range.  Mod¬ 
ification  of  the  transverse  intensity  profile  of  a  single  elec¬ 
tromagnetic  waveguide  mode  during  the  FEL  interaction 
has  been  measured^  (see  Fig.  2).  This  effect  is  the  waveg¬ 
uide  analog  to  free-space  optical  guiding.  The  studies  were 
carried  out  at  microwave  frequencies  (8-12  GHz)  in  a  FEL 
using  a  mildly  relativistic  electron  beam  of  ~  200  keV  en¬ 
ergy  and  cr  1.0  A  current.  The  probing  of  the  RF  fields  was 
accomplished  by  small  electric  dipole  antennas  inserted  in 
the  interaction  region.  On  Fig.  3,  the  observed  intensity 
profile  modifications  are  seen  to  follow  the  measured  FEL- 
induced  phase  shifts  (wave  refracting  index),  thus  clearly 
demonstrating  refractive  optical  guiding  in  a  FEL. 
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PULSE  COMPRESSION 

The  generation  of  short  pulses  of  coherent  electromagnetic 
radiation  is  a  subject  of  considerable  interest.  Such  pulses 
are  needed  in  many  diverse  areas  of  physics,  such  as  nonlin¬ 
ear  spectroscopy,  studies  of  transient  phenomena,  surface 
physics,  accelerator  physics  and  optical  communications. 
In  addition,  the  generation  of  short  pulses  in  an  active 
medium  can  lead  to  extremely  high  instantaneous  powers. 
At  high  power  levels,  nonlinear  effects  such  as  self-focusing 
(optical  guiding),  saturation  and  sideband  instabilities  are 
observed  in  FEL  generators.  These  properties  of  FELs 
make  them  particularly  attractive  for  the  generation  of 
short  pulses  of  coherent  electromagnetic  radiation. 

The  pulse  compression  scheme  studied  here  is  the  fol¬ 
lowing.  A  frequency-chirped  pulse  is  injected  into  the  FEL 
interaction  region.  Because  of  the  high  gain  and  narrow 
bandwidth  of  the  FEL  interaction,  only  the  resonant  fre¬ 
quency  band  of  the  pulse  is  actively  amplified.  This  results 
in  a  high-power  short  pulse  of  coherent  electromagnetic  ra¬ 
diation  at  the  output  of  the  laser.  For  our  experimental 
parameters^  (beam  voltage  V  ~  150  kV,  wiggler  period¬ 
icity  iw  =  3.5  cm,  gain  ~  10  dB),  pulses  of  a  few  nanosec¬ 
onds  at  a  frequency  of  10  GHz  (A u/ui  ~  1  %)  were  ob¬ 
tained  after  an  interaction  length  of  2.3  m  (see  Fig.  4),  in 
good  agreement  with  theoretical  expectations^.  For  the 
same  input  pulses  (width  At  >  100  ns,  frequency  chirp 
«/2rr  ~  5  MHz/ns),  such  compression  ratios  would  re¬ 
quire  hundreds  of  meters  of  conventional  passive  dispersive 
medium  (waveguide,  for  example),  with  prohibitively  high 
attenuation. 

Finally,  it  is  interesting  to  note  the  possibility  of  self¬ 
phase  modulation  in  the  FEL  at  high  electromagnetic  in¬ 
tensities,  via  nonlinear  effects,  yielding  chirped  pulses  that 
can  subsequently  compress  as  they  propagate  further  into 
the  interaction  region  and  eventually  reach  a  soliton-like 
equilibrium. 
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Fig.  1  Microwave  power  and  saturated  efficiencies  as  func¬ 
tions  of  the  beam  radius  and  current. 


Fig.  2  Wave  profile  modification  induced  by  the  FEL  in¬ 
teraction  (1)  guiding,  (2)anti-guiding. 


Fig.  3  RF  field  modification  and  FEL-induced  phase  shift 
as  functions  of  detuning. 


Fig.  4  (a)  Time  history  of  the  diode  voltage  (b)  Instanta¬ 
neous  frequency  of  the  input  chirped  pulse  (c)  Microwave 
intensity  at  the  FEL  output. 
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ABSTRACT 

The  effect  of  multimode  interaction  on  the 
efficiency  of  a  low  gain  FEL  oscillator  fed  by  a 
continuous  beam  is  investigated.  Calculations  that 
enable  one  to  design  a  device  in  such  a  wav  that  it 
will  operate  at  a  single  frequency  with  maximum 
efficiency  will  be  presented. 


the  decay  time  of  radiation  in  the  empty  cavity. 
The  evolution  of  a  is  described  by  the  equation 

f  d  +  1  W  il  ff2  dtr 

(dT-+  2  )a„(Ts>  =  "4^  U 
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The  model  we  consider  is  the  one  dimensional, 
low  gain  oscillator.1  In  a  low  gain  oscillator  the 
frequency  and  wave  number  must  correspond  approxi¬ 
mately  to  a  cavity  mode.  These  are  determined  by 
quantizing  the  axial  wave  number  k  =  k^  +  ns/L 
and  a  =  on  +  nxv  /L  where  n  =  (?"  +  1 ,  +2  labels 
the  mode,  and  ’kg  are  the  frequency  and  wave 
number  of  some  arbitrarily  chosen  reference  mode, 
and  v  is  the  axial  group  velocity  of  the 

radiation,  L  is  the  interaction  length  (the  same  as 
cavity  length).  Me  assumed  that  the  spacing  in 
frequency  between  adiacent  modes  is  independent  of 
mode  number  in  the  range  of  interest.  Thus,  for  a 
given  injection  velocity,  v.,  .,  each  mode  has  its 
own  detuning  parameter  p  =  p.n\  g  -  enx,  where 
e  n  (v  /v,  “  1)  is  the  sllppagd  parameter  and 

pini  0  "  ‘^w  +  k(PvirH  "  <»J(L/v,  ,)  is  the 

detnfting  for  n  =  0  mode,  with  klndhe  wiggler  wave 
number.  The  number  of  modes  which  will  compete  for 
the  beam's  energy  can  be  estimated  by  determining 
the  number  of  modes  with  detunings  under  _jjhe 
positive  portion  of  the  gain  function,  N~  e  • 
Due  to  low  gain,  the  radiation  field  in  the 

resonator  can  be  expressed  as  a  superposition  of 
empty  cavity  modes  whose  amplitudes  and  phases 
change  slowly  in  time  (compared  with  the  transit 
time  of  the  electrons  through  the  interaction 
region)  due  to  their  interaction  with  the  beam. 
The  field  at  any  point  will  be  nearly  periodic  in 
time  with  a  period  equal  to  the  round  trip  travel 
time  of  radiation  in  the  cavity,  which  we  assume  to 

be  much  smaller  than  the  time  scale  over  which  the 

amplitudes  change.  We  may  then  numerically 
Integrate  the  following  set  of  equations 
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where  5  ■  z/L,  i}>  =  (k^  +  kg)z  -  u>t  is  the 
particle's  phase  in  the  beat  wave  potential,  p  is 
proportional  to  energy  deviation  defined  in  the 
same  way  as  the  detuning  such  that 


p(5  “  0)  =  p.  ,  ..  The  quantity  .a  is  tlu»  complex 
amplitude  of  tn&  nth  mode  (a^  =  iog (fi/v^. >  >  where 
w  is  the  synchrotron  frequency  “for  a  particle  at 
the  bottom  of  the  ponderomotive  potential  well)  and 
it  depends  on  a  slow  time  variable  tg  normalized  to 


where  1  is  a  normalized  current,  2o  is  the  fraction 
of  radiation  power  extracted  per  pass.  The  inte¬ 
gration  is  performed  for  an  ensemble  of  particles 
with  initial  phase  <[i  and  entrance  time,  tft, 
uniformly  distributed  over  the  intevals  (0,2x1  and 
[0,2],  respectively.  We  normalized  tg  such  that 
the  radiation  travels  the  length  of  the  resonator 
in  one  unit  of  time.  The  angular  average  is  over 
initial  entrance  phases  of  the  particles.  We 
assumed  that  all  cavity  modes  have  the  same  damping 
rate  which  in  normalized  units  is  1/2.  To  account 
for  .noise  a  source  .  term,  Sn,  proportional 

to  Nj  '  |(1  -  cospn)/pnl  '  is  added  to  the  mode 
equation,  where  N*  is  the  number  of  particles  which 
pass  through  the  system  during  a  cavity  decay  time. 

Single  mode  theory  is  obtained  from  this  model 
by  including  only  the  n  «  0  mode.  One  then  obtains 
from  Eqs.  (l)-(2)  the  average  energy  extraction 
Ap  =  Pi  .  q  -  <p(5=l)>  and  from  the  Eq.  (3)  the 
value  of-1  the  current  needed  to  maintain  the  mode  in 
steady  state.  This  information  is  displayed  in 

Fig.  1  where  level  curves  of  energy  extraction  and 
current  are  plotted  in  the  aQ,pIn.  plane.  In  the 
plot,  current  is  normalized  tS  minimum  value 
required  to  start  the„ oscillations  in  the  cavity, 

?  “  ^aearf  wh®«  \tart  *  Aiw  shown  in 

Fig.  1  Is  a  triangular-shaped  region  inside  of 
which  the  single  frequency  equilibria  are  stable 
with  respect  to  the  growth  of  sidebands. 
Examining  Fig.  1  we  learn  that  the  single  mode 
equilibrium  with  maximum  efficiency  occurring 
for  Pj.  “  5.14  and  a^  =  18  is  not  stable.  The 
maximum ‘efficiency  stable  single  mode  equilibria  is 
achieved  with  p  .  =  5.,  a»  *>  15.2,  and  y  =  3, 
However,  if  e  is  smarl,  at  this  current  there  are 
many  different  stable  single  mode  equilibria 
corresponding  to  the  different  detunings  of  many 
possible  cavity  modes,  while  only  one  mode 

corresponding  to  a  detuning  p.  ,  =  5  will  give  the 
maximum  efficiency.  Therefore,  the  question  arises 
as  to  which  single  mode  equiibrium  state  the  system 
will  evolve. 

To  answer  this  question  we  solved  the  Eqs. 
(l)-(3)  numerically.  For  our  simulations  we  chose 
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3,  the  number  of  modes  is  21  and 
First,  we  show  the  results  of  a  calcu- 


e 

N* 

lation  with  Q  constant,  (p.  ,  Q  =  2.606), 
which  corresponds  to  a  very  sh&rp  rise  of  the 
voltage  in  time  after  which  it  remains  flat.  The 
time  history  of  the  efficiency  Ap>  the  amplitudes 
of  the  central  mode  |ag|  and  neighboring  sidebands 
|a.|  and  |a  , |  are  plotted  in  Fig.  2.  The 


important  result  of  this  calculation  is  apparent  by 
examining  Fig.  2;  the  dominant  mode  is  the  mode 
with  the  maximum  linear  growth  rate,  while  it  has  a 
saturated  value  of  Ap  which  is  not  the  maximum 
efficiency.  Thus,  we  are  to  search  for  ways  by 
which  we  can  control  the  final  state  at  saturation. 
We  could  raise  the  cavity  0  for  the  desired  mode, 
and  not  for  the  others4  or  we  could  apply  mode 
locking  technique  either  by  direct  injection4  or  by 
prebunching  of  the  beam.  The  solution  that  we 
consider  here  is  programming  of  the  rise  time  of 
the  voltage  pulse.  To  simulate  the  effect  of  the 
time  dependence  of  the  voltage  pulse  in  our  model 
we  allow  for  p.  .  to  becpme  a  function  of  slow 
time,  ts.  Only  end  last  few  percent  of  the  voltage 
rise  corresponding  to  values  of  p,  .  of  order  x 
will  affect  the  final  mode.  We  cnoJse  a  model 
Pini  0^Ts^  W*t*1  t*le  asWtotic  behavior  being 
pini'o  ~  pf  “  c*/ts,  where  t*  characterizes  how 
slowly  pin_  q  approaches  the  final  value,  p^. 

In  Fig.  3a  we  display  the  trajectory  in  the 
p.  ,  vs  a„  plane  of  the  dominant  mode  obtained  from 
a  simulation  for  different  values  of  t*.  Also 
shown  is  the  "instant  turn  on"  case  where 
pinj  0^Ts^  =  ^*606.  The  final  states  are  different 
bec^dse  different  modes  with  different  detunings 
have  become  dominant  depending  on  the  time  history 
of  the  voltage  rise.  If  the  rate  of  approach  to 
the  final  voltage  is  too  slow,  Fig.  3b,  the 

dominant  mode  is  carried  to  values  of  p  ,  outside 
the  triangle  of  stable  operation.  Then'  a  lower 
frequency  satellite  of  this  mode  becomes  unstable 

and  grows,  eventually  becoming  the  dominant  mode. 
The  final  state  is  just  inside  the  stability  region 
with  quite  high  efficiency,  Ap  =  5.0  compared  with 
the  maximum  for  y  =  3  of  Ap  =  5.4. 

In  conclusion,  we  have  demonstrated  that  two 

rules  should  be  applied  to  design  a  CW,  low  gain 
FEL  oscillator  operating  at  single  frequency  at  the 
maximum  efficiency.  First,  the  electron  beam 
current  should  be  roughly  three  times  the  minimum 
start-oscillation  current.  Second,  the  last  few 

percent  of  the  voltage  pulse  should  approach  the 
designed  value  sufficiently  slowly  in  time. 
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Fig.  1.  Solid  lines  are  the  equal  energy  extrac¬ 
tion  (AP)  curves  in  the  p  ,a  plane.  The  curve 
laheled  1  corresponds  to  efp^  0,  the  curve  labeled 
2  corresponds  to  Ap  =  5.5.  The  difference  between 
the  neighboring  level  curves „0.5.  The  dashed  lines 
are  the  level  curves  of  (I/u)  which  is  obtained 
from  the  energy  balance  at  a  particular  value  of 
a0  and  pLn1  ’  The  nurabers  on  the  curve  indicate  the 
values  ot  %  .  Only  inside  of  the  triangular- 

shaped  region  single  mode  operation  Is  possible. 


Kg.  3.  The  trajectories  of  the  amplitude  value  of 
the  dominant  mode  in  the  P.  ,  ,8^  plane  together 
with  the  stability  region,  Vte  efficiency  level 
curves  and  the  equilibrium  states  curve 
corresponding  to  x  =  3  are  shown.  The  voltage 
tapering  parameter  t,  has  values  (a)  0,  1,  3.5,  4.5 
and  6;  (b)  7. 
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ABSTRACT 

With  the  help  of  the  unitary  S  matrix  in 
the  linear  recoil  approximation,  the  study  of  the 
spontaneous  and  the  stimulated  emission  and 
absorption  of  higher  harmonics  in  the  uniform 
magnetic  field  free-electron  laser  is  being 
pursued.  The  stimulated  emission  of  single¬ 
mode  photons,  being  due  to  just  one  harmonic, 
can  be  tuned  to  cover  a  rather  limited  frequency 
range,  particularly  the  far-infrared/microwave 
spectral  region.  The  spontaneous  emission,  be¬ 
cause  it  is  due  to  all  the  harmonics,  covers  a 
wide  spectral  region;  consequently,  at  least  in 
principle,  it  should  be  able  to  stimulate  at  least 
some  higher  harmonic  radiation.  Here,  for  theo¬ 
retical  and  practical  reasons,  we  limit  our  study 
largely  to  harmonics  whose  emission  (absorp¬ 
tion)  occurs  at  angles  that  are  “slightly”  differ¬ 
ent  from  zero  with  respect  to  the  uniform  mag¬ 
netic  field. 

INTRODUCTION 

One  of  the  more  interesting  wiggler-free 
free-electron  lasers  (FEL’s)  is  the  uniform  mag¬ 
netic  field  FEL  whose  on-axis  radiation  (where 
the  axis  direction  coincides  with  the  direction  of 
the  magnetic  field)  has  essentially  Doppler- 
shifted  cyclotron  frequencies  [1,2].  Stimulated 
and  (to  some  extent)  spontaneous  on-axis  emis¬ 
sion  for  this  FEL  has  been  studied  both  classi¬ 
cally  [1]  and  with  the  quantum  multiphoton  for¬ 
malism  [2].  However,  as  is  the  case  with  the 
usual  FEL  with  a  helical  wiggler  magnetic  field, 
the  uniform  magnetic  field  FEL  has  no  on-axis 
higher  harmonic  emission.  Nevertheless,  the 


multiphoton  formalism  predicted  that  the  on- 
axis  gain  is  easily  20  percent  for  plane-wave¬ 
like  100-GHz  radiation  with  an  interaction 
length  (L)  of  75  cm,  magnetic  field  (B)  of  0.75 
T,  total  beam  energy  (£)  of  1.2  MeV,  and  beam 
density  of  1C8  cm-1  [2].  In  this  example,  the 
gain  turned  out  to  be  numerically  so  good 
mainly  because  within  the  multiphoton  for¬ 
malism  the  gain  expression  is  in  the  familiar 
Colson’s  form  [3];  i.e.,  it  scales  as  L3.  This 
should  be  compared  with  the  classically  derived 
gain  [1]  which  scales  only  as  L2;  now  a  numeri¬ 
cal  prediction  for  the  gain  cannot  be  expected  to 
be  as  favorable  as  when  calculated  within  the 
multiphoton  formalism. 

Now,  a  device  is  considered  to  be  an  FEL 
if  the  radiation  is  Doppler  shifted  [4].  Conse¬ 
quently,  in  the  uniform  magnetic  field  FEL,  v3, 
which  enters  into  the  expression  of  Doppler- 
shifted  relativistic  cyclotron  frequencies,  should 
be  much  larger  that  vx  [2,5];  reasonably,  one 
would  expect  vx  to  be  20  percent  or  less  of  v3. 
Here,  the  parallel  and  perpendicular  components 
of  the  electron  velocity  with  respect  to  the  uni¬ 
form  magnetic  field  are  denoted  by  v3  and  vi, 
respectively.  (A  device  which  also  uses  the 
magnetic  field  and  in  which  the  electron  veloc¬ 
ity  satisfies  vx  »  v3  is  the  well-known  electron 
cyclotron  maser  or  gyrotron  [6].  This  device  is 
not  considered  to  be  an  FEL  since  it  does  not 
have  a  Doppler  shift  [1,4].)  Because  of  the  re¬ 
quirement  that  v3  be  large,  the  emission  into 
higher  harmonics,  occurring  only  off-axis, 
should  actually  be  observed  (with  reasonably 
Doppler-shifted  frequencies)  at  angles  “slightly” 
different  from  zero.  In  other  words,  from  the 


practical  point  of  view,  interesting  higher  har¬ 
monic  radiation  should  essentially  occur  in  the 
forward  direction. 

HIGHER  HARMONICS 

The  expression  for  the  electron  current 
density  that  is  needed  to  calculate  the  average 
number  of  spontaneously  emitted  photons  in  the 
uniform  magnetic  field  FEL  is  essentially  given 
elsewhere  [2].  From  the  Fourier  transformed 
electron  current  density  [2],  one  can  already 
deduce  that  the  resonance  radiation  angular  fre¬ 
quencies  are  of  the  form 

=  l  (5  , 

where  /  =  1  corresponds  to  the  fundamental  fre¬ 
quency,  while  Ik  2  corresponds  to  the  higher 
harmonic  frequencies,  which,  however,  occur 
only  in  an  off-axis  emission.  The  fundamental 
angular  frequency  <5  is  the  Doppler-shifted  an¬ 
gular  cyclotron  frequency;  its  dependence  on  the 
angle  at  which  the  radiation  occurs  is  already 
given  in  the  references  [2,5]. 

Now,  making  the  usual  assumption  that  L 
is  much  larger  than  any  of  the  radiaaon  wave¬ 
lengths  [2],  the  total  average  number  of  spon¬ 
taneously  emitted  or  absorbed  photons  is  ob¬ 
tained  in  the  usual  way  [2].  From  here  we  de¬ 
fine  the  partial:  i.e.,  for  a  particular  harmonic, 
the  average  number  of  spontaneously  emitted  or 
absorbed  photons;  this  in  turn  defines  the  partial 
spontaneously  rad'ated  or  absorbed  energy  per 
unit  solid  angle.  Unfortunately,  this  energy  ex¬ 
pression  is  rather  complicated  as  it  involves  the 
products  of  Bessel  functions.  However,  for 
higher  /,  the  “approximation  by  tangents"  [7]  for 
the  Bessel  functions  may  be  used,  which  in  turn 
should  make  it  easier  to  estimate  an  infinite  sum 
when  evaluating  the  total  spontaneously  radiated 
or  absorbed  energy  per  unit  solid  angle. 

Preliminary  investigations  seem  to  in¬ 
dicate  that  for  at  least  a  first  few  harmonics  the 


spontaneous  emission  can  occur  at  rather  small 
angles  for  sufficiently  energetic  beams.  This 
means  that,  from  the  practical  point  of  view,  the 
radiation  kinematics  here  and  for  the  on-axis  ra¬ 
diation  are  very  much  alike.  With  this  in  mind, 
we  deduce  that  for  the  case  of  far-infrared  radia¬ 
tion  associated  with  first  few  harmonics,  we 
would  need  a  beam  energy  of  up  to  10  MeV,  B 
< 4T ,L<  100  cm,  and  as  already  mentioned,  vx 
<  0.2.  In  any  case,  it  appears  that,  at  least  in 
principle,  not  only  on-axis  but  also  off-axis 
(higher  harmonic)  generated  radiation  could  be 
used  to  stimulate  emission  from  electrons  fur¬ 
ther  along  for  sufficiently  wide  electron  beams. 
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ABSTRACT 

We  report  high  power  emission  (18  MW)  at  a  wavelength 
of  A  =  640 pm  and  a  bandwidth  AA/A  <  0.04  from  a  superra¬ 
diant  free  electron  laser  (FEL)  excited  by  a  2MeV,  1  kA  elec¬ 
tron  beam.  Comparison  of  the  experiment  with  a  nonlinear 
simulation  yields  good  agreement.  Theoretical  extrapolation 
to  a  tapered  wiggler  experiment  shows  that  power  levels  of 
~  140  MW  could  be  achieved  with  an  efficiency  of  ~  7%. 

EXPERIMENT 

The  outstanding  capabilities  of  free  electron  lasers  (FEL) 
are  their  high  power  outputs,  reasonable  efficiencies  and  wave¬ 
length  tunability.  In  this  paper  we  present  what  we  believe 
is  the  highest  power  output  (18  MW)  and  highest  efficiency 
(~  1%)  in  a  wavelength  regime1-3  (~  600pm)  that  has  not 
been  studied  extensively. 

The  experimental  arrangement  is  shown  in  Fig.  1.  The 
Pulserad  110A  accelerator  (V  =  2MV,  r  ~  30ns)  energizes  a 
multielectrode  field  emission  electron  gun4  which  produces 
a  high  current,  low  emittance  electron  beam  (I  ~  900  A, 
AV/V  <  0.005).  A  thin  solenoid  lens  focusses  the  electron 
beam  into  a  0.79  cm  radius  stainless  steel  evacuated  drift  tube 
which  also  acts  as  an  overmoded  circular  waveguide  for  the 
radiation.  A  bifilar  helical  wiggler  magnet  (with  periodic¬ 
ity  A„  =  3.14  cm)  is  wound  onto  the  outside  of  the  stainless 
steel  drift  tube.  An  adiabatic  entrance  taper  is  provided  by  a 
series  of  resistive  termination  loops5  which  gradually  tap  cur¬ 
rent  from  one  winding  to  the  other.  A  second  thin  solenoid 
lens  focusses  the  electron  beam  entering  the  drift  tube  to  a 
beam  waist  such  that  the  electron  beam  is  matched  into  the 
helical  wiggler  field.  The  electron  beam  is  then  transported 
and  focussed  through  the  wiggler  interaction  region  by  means 
of  the  focussing  provided  by  the  strong  helical  wiggler  mag¬ 
netic  field.  In  contrast  to  many  previous  FELs  operated  at 
relatively  low  beam  energies  and  high  currents,113''’7  there  is 
no  applied  axial  guiding  magnetic  field  in  the  wiggler  inter¬ 
action  region.8 

The  growth  rate  T  =  (1  /P)dPldz  of  the  electromagnetic 
wave  is  obtained6  by  measuring  the  output  power  as  a  func¬ 
tion  of  the  wiggler  interaction  length  z.  This  length  is  var¬ 
ied  by  moving  a  transverse  kicker  magnet  along  the  length 
of  the  wiggler,  thereby  turning  the  electron  beam  into  the 
drift  tube  wall  and  terminating  the  interaction.  The  ob¬ 
servations  are  compared  with  a  theoretical  analysis  of  the 
experimental  configuration  based  on  the  nonlinear  simula¬ 
tion  code  ARACHNE10.  This  simulation  numerically  inte¬ 
grates  a  sat  of  coupled  nonlinear  differential  equations  which 
govern  the  evolution  of  an  arbitrary  number  of  transverse 
electric  (TE)  and/or  transverse  magnetic  (TM)  waveguide 
modes  as  well  as  an  ensemble  of  electrons.  The  analysis 
is  fully  three-dimensiom.  and  self-consistently  includes  the 
overlap  of  the  electron  beam  and  the  radiation  field  of  each 
mode.  The  electron  trajectories  are  integrated  using  the 
complete  Lorentz  force  equations  in  the  presence  of  a  tnree- 
dimensional  representation  of  the  helical  wiggler  field,  and 
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Figure  1:  The  schematic  layout  of  this  experiment,  and  typi¬ 
cal  voltage,  beam  current,  and  microwave  output  waveforms. 

includes  the  effects  of  betatron  oscillations  and  velocity  shear 
on  the  interaction.  Neither  self-field  nor  space-charge  effects 
are  included  in  the  simulation,  which  is  valid  in  the  strong- 
pump  Compton  regime  of  operation.  The  collective  dielec¬ 
tric  effect  of  the  beam  upon  the  waveguide  modes  is  included 
self-consistently  in  the  analysis.  For  a  2.0 MV,  780  A  elec¬ 
tron  beam,  the  measured  power  gains  of  56  ±  3dB/m  for 
Bw  =  1275  G  and  70±6dB/m  for  B„  =  1510  G  are  con¬ 
sistent  with  the  results  of  the  ARACHNE  code  for  a  beam 
temperature  of  Ap||/p||  ~  0.0025.  This  is  the  effective  tem¬ 
perature  at  full  width  (and  1/e  point)  due  to  nonzero  beam 
emittance,  and  is  in  good  agreement  with  the  measured  beam 
emittance  which  gives  0.0022  <  Apj|/p||  <  0.004. 

The  spectrum  of  the  output  radiation  is  measured  with  a 
grating  spectrometer11.  The  measured  spectrum  for  a  2.3 MV, 
930  A  electron  beam,  at  a  wiggler  field  strength  of  1275  G  is 
shown  in  Fig.  3,  along  with  the  calculated  spectrum  from 
ARACHNE.  The  measured  spectral  width  is  approximately 
AA/A  ~  0.04.  The  observed  wavelength  corresponds  predom¬ 
inantly  to  the  excitation  of  the  lowest  (TEn)  mode  of  the 
circular  waveguide,  with  a  small  TMn  component  (<  5%). 


88 


M8.5 


FREQUENCY  (GHz) 


Figure  2:  The  measured  output  spectrum  for  a  2.3MV,  930  A 
electron  beam;  wiggler  pump  strength  Bm  =  1275  G.  The 
measured  output  power  is  P„,  =  18  MW. 

In  conclusion,  the  measured  output  power  of  18  MW  at  the 
measured  frequency  of  470  GHz  represents  an  order  of  mag¬ 
nitude  increase  in  the  available  power  for  any  FEL  source  op¬ 
erating  in  the  ~  600  £im  wavelength  regime.  The  correspond¬ 
ing  efficiency  of  0.8%  represents  a  two  order  of  magnitude 
increase  in  efficiency  for  an  FEL  operating  in  this  wavelength 
regime.1-3 

Previous  experiments  have  noted  substantial  increases  in 
efficiency  when  the  wiggler  field  amplitude  is  tapered13,13  . 
An  example  of  the  possible  effect  of  tapering  the  wiggler  field 
amplitude  in  this  experiment  is  shown  in  Fig.  4,  where  the 
ARACHNE  simulation  is  extended  in  the  axial  direction,  for 
both  a  tapered  and  an  untapered  wiggler.  The  parameters 
for  the  simulation  shown  in  Fig.  3  are  identical  to  those  in 
Fig.  2  used  in  comparison  with  our  experiments.  As  can  be 
seen  in  the  figure,  for  the  case  of  the  tapered  amplitude  wig¬ 
gler,  the  output  power  reaches  a  maximum  of  142  MW,  cor¬ 
responding  to  a  6.6%  efficiency.  Maintaining  the  parameter: 
of  the  electron  beam  constant,  but  changing  the  wiggler  pe¬ 
riod  to  A„  =  2.2cm  and  the  initial  higgler  field  amplitude  to 
Bw  =  3100  G(to  provide  more  latitude  in  the  tapering  pro¬ 
cess),  results  in  a  maximum  possible  output  power  of  263  MW 
at  a  frequency  of  498  GHz. 
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Abstract:  In  terms  of  Bogoliubov's  nonlinear  oscillation 
thoery,  the  first  five  belatron-synchrotron  resonances 
of  Q,=(p/q)2kfs  ,p/q=l/2, 1.3/2, 1/3. 2/3  which  may  occur 
during  laser  satulation  establishing  process  have  been 
generally  examined.  Contrast  to  previous  studies  it  is 
found  that  the  most  dangurous  resonance  does  not  take 
place  in  the  vicinity  of  Q,=2kp  ,  but  in  that  of  Qj=kp  . 
The  width  of  region  of  Q,=ke  is  proportional  to  e 
witheMfk^.'Mxenittance,  the  passing  'time'  over  the 
region  due  to  the  laser  field  being  amplified  is  only 
one  pass  over  the  undulator  at  most  and  depends  on  the 
gain,  and  the  increment  of  synchrotron  amplitude  in  pas¬ 
sing  time  is  proportional  to  e. 

In  summary  we  conclude  that  the  betatron-synchrotron 
resonances  does  not  have  any  significant  effect  for  det¬ 
rapping  off-axis  electrons  in  a  practical  case. 


1  INTRODUCTION 

The  betatron-Synchrotron  resonance  (B-S  resonance) 
is  one  of  free  electron  laser  instabilities  besides  the 
side-band  instability  and  first  pointed  out  by  Rosen- 
bluth  in  1983  [I]. 

Whether  is  the  betatron-synchrotron  resonance  a  seri¬ 
ous  obstacle  for  development  of  high  extraction-gain  FEL? 
Should  more  attention  be  paid  to  overcoming  this  potent¬ 
ial  threat  in  FEL  design?  These  all  questions  are  still 
intresting  in  FEL  theoretical  study.  In  terras  of  asympt¬ 
otic  method  in  nonlinear  oscillation  tiieory  by  Bogoliub- 
ov  we  recheched  this  objective. 

Contrast  to  the  previous  studies  [2].  we  found  that 
the  most  dangerous  resonant  coupling  is  not  the  one  tak¬ 
ing  place  in  the  vicinity  of  Qj=2kp  as  mentioned  by 
them,  but  occurs  at  about  Q*=kfi  . 


2.  THE  MODEL  FOR  B-S  RESONANCES 

the  3-D  undulator  paraxial  field  is  approximately  de¬ 
scribed  by  magnetic  scalar  potential  [31 

Xm  ss  -  uwk  Sin a' ) 

with  kw(z)=k£j,-kS(y  .  the  wavenumber  of  undulator  in  z,  x, 
and  y  direction  respectively.  The  dimensionless  vector 
potential  of  the  undulator  felt  by  the  electron  on  the 
betatron  trajectories  is  . 

CU)<XY.*)=>  (*•*' 

where  =  eBCeVwc'fe^W)  .  the  value  on  axis. 

In  terms  of  the  paraxial  approximation.  x^O  and  ymsd 
and  following  the  Colson's  standard  procedure  [4],  the 
pendulum  equation  was  written  as 

£££  ri„(3y>e0)(S|n$  -SwJr)  (».» 


with 


i 

Z  (S )Vt  +  $)] 


(».«) 

«.S) 

t»A>) 


=  Arcsio  (  8c/r^r^3^)  f  JT  (>-7) 

ft  -  wp[(y.l+*.x  -  «£X!  WO 

where  x.,y,  is  the  initial  position  of  betatron  orbit, 
8*»,  0^,its  initial  angle  with  respect  to  the  undulator 
axi-s  respectively.  The  betatron  frequencies  =kp 

has  been  taken  for  simplicity.  This  version  of  the  pen¬ 
dulum  equation  eventualy  shows  that  the  betatron  oscill¬ 
ation  leads  to  an  external  periodic  driving  force  exert¬ 
ing  on  a  system  with  the  synchrotron  oscillation  as  int¬ 
rinsic  motion. 

From  eq  (2.6M2.9)  it  is  obvious  that  (p|  +p|  )vt, 
thereby  e  is  bounded  by  the  transverce  emittancec  . 

It  should  be  pointed  here  that  although  the  resonant 
phase  ^  r  is  dependent  on  the  second  derivative  of  the 
optical  phase  with  respect  to  z  as  taken  into  account  in 
previous  works  [2],  we  think  it  has  a  smaller  contribut¬ 
ion  to  the  B-S  resonances  compared  with  that  from  trans¬ 
verse  dependence  of  the  synchrotron  frequency. 

3.  B-S  RESONANCE  EFFECT  ON  THE  NEAR-RESONANT 
PHSAE  ELECTRONS 

For  the  near -resonant  phase  electrons  nonlinear  pendu¬ 
lum  equation  is  simplified  as  Mathieu-like  equation 

(3.0 

with  A  £  =  £  -  1;  r  and  Q|  =Q£cos£j.. 

Due  to  the  existence  of  external  periodic  force  with 
'frequency'  2kp  in  a  system  with  intrisic  one  Qs,  the 
resonances  will  take  place  in  the  vicinity  of 
&*=(p/q)x2kp  where  p  and  q  is  to  be  a  couple  of  mutual 
prime  number  and  not  to  be  large. 

In  terms  of  Bogoliubov's  asymptotic  method  [5], formal 
solution  of  eq. (3.1)  near  resonance  is  assumed  as 

=  olus})>  +  (w 

with  u  =(p/q)2kjz+  Q and  iii  ,u2  •••  being  the  periodic  fu¬ 
nction  of  2kjZ  and  il>  with  period  oi  2n. 

The  first  term  in  (3.2)  is  the  fundamental  wave  and 
the  amplitude  a(z)  and  phase  difference  0(z)  are  assumed 
as  slowly  varing  functions  of  z  which  are  governed  by 
following  set  of  equations 

=  £A,(«,0>  » 

i|  -  Jlj-Ol-Yakp  ♦  +•  0.4) 

the  nonlinear  functions  A, (a,  9),A,(a,  0),B,(a,  0), 

B,(a,  9  ),•••  and  u,  ,u2  ,•••  are  determined  by  harmonic 
balance  principle  with  respect  to  the  order  of  small 
parameter  c  and  assumption  that  u«  is  orthogonal  to 
the  fundamental.  cosO  and  sinu. 


4.  THE  MAIN  RESONANCE 

At  the  first  approximation  stage  the  set  of  equations 
for  A i  and  Bt  is 
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H*-  +is, a,  *  - 

it  is  easy  to  solve  and  obtain 

f‘,= a« 

It  is  obvious  tha?the  p/q=I/2  is  the  only  resonance 
which  can  occur  in  the  system  under  the  first  approxim¬ 
ation.  The  amplitude  and  phase  difference  of  the  first 
approximation  are  obtained 

£  =»  Wv+  tJv  ,  (5$) 

where 

r  w«c.e.A  +  Ctfe- 

1  ~  ■*»  t  -gUsiwP.-Oyy  -A*  ^ 


with  A  -\?rkpv  and  c,,Cx  being  initial  constant. 

It  is  evident  that  when  the  following  condition  is  hold 


^ 

the  A  is  real  and  the  amplitude  a(z)  will  be  divergent 
with  z  approaching  to  infinite.  In  the  sane  order  of  ap¬ 
proximation,  we  can  rewrite  the  nonstable  condition  as 

It-wU^A  W> 

with  w  =k»/ Qs and  e  =(ki/8kf)(pt  +  Pa  )'*. 

As  mentioned  in  sec.  2,  (  B2  +  Bi  Y*  is  bounded  by  omitt¬ 
ance.  Therefore  even  in  the  worst  case  that  the  electron 
under  consideration  is  initially  at  the  boundary  of  pha¬ 
se  ellipse,  the  dangerous  region  leading  it's  synchrotr¬ 
on  oscillation  divergent  is  still  very  limited  and  is 
proportional  to  emittance,  out  of  it  the  B-S  coupling 
does  not  enhance  the  amplitude  of  synchrotron  ocsillati- 
on  and  not  detrap  the  off-axis  electrons. 

Not  lossing  the  generality,  we  can  assume  that  laser 
field  evolves  in  the  undulator  with  gain  T  as 
<Wi'>  =  <ti(o'iexf{('*)then  the  ’time'  to  pass  over  dangurous 
region  of  resonance  p/q=l/2  is  approximately 

=  - NT-Mi-f)*  £/$  «*7) 

where  G  is  total  gain  per  pass  over  the  undulator  with 
length  L.  It  shows  the  passing  t ime  elated  to  G. 

Even  When  laser  field  has  reached  »hi.  sa;-,ation.  G  is 
small  but  still  in  order  if  Q. c.  c.vc.  So  the  passing 
'time'  is  not  longer  than  r  ■  v  th<  undulator  at 

most, Now  we  estimate  ’he  gr-  i  u\  i.tm  e  a(z)  during 
passing  time 

<&*/■  —  0**  —  <  „  -yM  4"  i  -  r  (a* Si 


M  I  r.  sW 

\  "*•  *  \  4 


even  in  the  case  of 
have 


order  of  10.  wo 


To  confirm  the  result  mentio..  t  *•»  ?,  wo  recheck  it 
under  the  second  approximation. 

A  simple  calculation  yields 

** 

It  is  obvious  that  the  second  order  approximation  does 
not  result  in  any  substantive  effect  on  a(z)  and9(z). 
but  shift  the  resonance  frequency  Q,=kp  to 
%( 1+9/64*  eVlqs  . 


5.  RESONANCES  OF  p/q=I,  3/2. 1/3, 2/3 

Because  the  driving  force  under  the  first  approximat¬ 
ion  only  involve  one  term  of  p/q=l/2.  higher  order  appr¬ 
oximation  is  necessary  for  p/q^l  2  resonances.  We  carr¬ 
ied  out  the  calculation  near  p/q=l, 3/2, 1'3. 2/3  resonanc 
es.  The  resulting  nonstable  conditions  for  them  are  lis¬ 
ted  in  following 

(1)  P/q=l  , 

1  I  <  1  ^ 

or  in  the  sence  of  same  order  of  approximation  with 
«=2kjj/Qa 

ts-s> 

(2)  p/q=3/2 

j  1  -  «  -  .  wt*  w=3 y*t  (M> 

(3)  p/q=i/3,2/3 

Bp  to  the  third  order  approximation,  we  did  not  get 
the  nonstable  condition,  that  means  the  resonant  coupling 
of  p/q-1'3. 2 '3  is  the  fourth  order  of  c  at  least. 


6.  THE  EFFECT  OF  B-S  RESONANCE  ON  THE  ELECTRON  WITH 
FINITE  AMPLITUDE  OF  SYNCHRONOUS  PHASE  OSCILLATION 

Now  we  pay  some  attention  to  the  electrons  which  is 
trapped  in  the  bucket  and  undergoing  synchronous  phase 
oscillation  with  finite  amplitude.  In  this  case  sin£  in 
pendulum  eq.  (2.3)  can  be  expanded  in  terms  of  power  se¬ 
ries  of  £up  to  some  lower  order  since  the  synchronous 
phase  is  restricted  in  ±n. 

Following  the  same  procedure  as  described  above,  the 
nonstable  condition  in  the  first  approximation  for  p/q= 
12  resonance  is  obtained 

which  is  almost  the  same  as  (4.3)  but  with  Q„(a)  repla¬ 
cing  Qs.  * 
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THE  EFFICIENCY  IMPROVEMENT  OF  A  RAMAN  FREE  ELECTRON  LASER  (FEL) 
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Academia  Sinica,  Shanghai,  P.R. China 


We  have  developed  a  first  Raman  FEL  in 
China  [1].  A  recent  experiment  for  improving 
the  efficiency  is  reported.  The  wiggler 
length  has  been  enlarged  from  79  cm  to  119cm, 
the  efficiency  of  3.7%  was  obtained. 

A  relativistic  electron  beam  800A  is  ac¬ 
celerated  across  a  diode  potential  of  400  KV 
and  guided  through  a  cylindrical  wavequide  by 
an  axial  magnetic  field  of  10-12  KG.  Peak  mi¬ 
crowave  power  of  12  MW  has  been  observed  at 
the  wavelength  of  8  mm.  The  experimental  re¬ 
sults  show  us  that  we  work  at  a  small  single 
gain  region. 

The  new  wiggler  with  a  period  of  212  cm 
is  adjustable  from  0  to  2  KG.  The  dependance 
of  wiggler  field  on  microwave  output  power 
for  different  lengths  is  given 
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ABSTRACT 

A  rugged,  compact,  battery-powered  millimeterwave  (mm- 
wave)  radar  has  been  developed  by  using  a  prototype  orbitron 
maser  as  the  source.  The  orbitron  maser  was  found  suitable  for 
such  an  application  since  it  is  high  power,  wideband  (thus  multi¬ 
channel)  and  frequency  tunable.  The  radiation  emanating  directly 
from  the  tube  was  fairly  uniform  and  the  divergence  angle  (10°) 
was  diffraction-limited.  The  orbitron  pulse  had  a  fast  risetime 
(100ns),  short  pulsewidth  (500ns)  and  no  spurious  oscillations. 
The  orbitron  output  power  was  6.7W  minimum  (possibly  ~6.7kW 
due  to  the  detector  saturation  and  400kW  input  power)  at  the  V- 
band  (50-75GHz).  The  power  levels  were  similar  at  lower  bands 
and  constant  up  to  10Hz  of  repetition  frequency.  An  innovative 
DC-DC  converter  was  used  to  amplify  24V  of  battery  potential  up 
to  1000  times.  The  orbitron  maser  was  characterized  by 
simultaneous  measurements  of  the  applied  voltage,  discharge 
current  (thus  input-power  and  plasma-resistance),  luminousity  and 
wave  signal.  A  linear  scaling  law  was  found  for  the  mm-wave 
power  to  increase  with  the  discharge  current.  Output  power  with 
hydrogen  was  twice  to  that  observed  with  air  or  nitrogen  working 
gases. 

INTRODUCTION 

Since  the  invention  of  a  practical  radar  source  (cavity 
magnetron)  in  1940,  research  efforts  have  been  concentrated  on 
producing  shorter  wavelengths  as  well  as  higher  power.  Higher 
frequencies  naturally  increase  the  bandwidth  and  angular 
resolution,  while  reducing  the  size,  of  radar.  However,  the  ability 
to  tune  the  radar  frequency  over  a  wide  range  is  often  more 
important  for  various  applications.  The  orbitron  maser  [1]  is  a 
wideband  (1GHz~1THz)  source  able  to  scan  the  fundamental 
frequency  (f0)  by  changing  the  applied  voltage  (V0): 

f0  =  — r^-(vo(v)  /  ln(^)J/2  ~  1-5  V^V)  1GHz] 

Here,  rj/rt  (typically  500)  is  the  ratio  of  tube  radius  to  the  radius 
of  the  center  conductor  and  the  last  term  is  the  case  r=r]=1.5mi! 
tungsten  wire.  Orbitron  is  a  broadband  oscillator  even  with  fixed 
V0  because  the  radius,  r,  of  the  rotating  electron  beam  is 
continuous  in  the  interval  rj£  r  £r2.  Therefore,  a  multichannel 
radar  may  be  constructed  as  shown  in  Fig.l.  Alternatively,  one 
can  use  multiple  orbitrons,  since  the  tube  can  be  fabricated 
inexpensively.  Upper  and  lower  frequencies  of  the  each  tube  may 
be  varied  by  using  wire  of  different  radii  and  radial  plungers  of 
different  depths,  respectively.  Large  power  handling  capability  of 
orbitron  is  also  a  great  advantage  which  is  not  available  in  solid- 
state  sources,  although  both  arc  compact.  Being  free  from  the 
dissipation/isolation  problems,  significantly  higher  input 
current/voltagc  is  {permissible  in  orbitrons,  indicating  feasibility  of 
constructing  a  high  power/frequency  radar  in  a  compact 
dimension.  Seald-off  orbitron  tubes  and  a  portable  power  supply 
have  been  developed  for  the  field-use  of  orbitron  maser  radar. 
Figure  2  shows  the  battery-powered  high-voltage  DC  source  able 
to  apply  max.  24kV-DC  pulses  on  the  orbitron  tube  (located  in  the 
right  hand  side  of  figure). 


EXPERIMENTAL  RESULTS 

The  potential  across  the  orbitron  (VoB  in  Fig.2)  changes 
as  shown  in  the  upper  traces  of  Figure  3,  when  the  tube  is  at  (a) 
vacuum,  (b)  low  pressure,  and  (c)  high  pressure.  The  lower 
traces  are  mm-wave  signals.  The  voltage  drop  is  due  to  a  rise  of 
the  discharge  current  as  becomes  clear  in  Figure  4,  where  the 
wave  forms  of  (a)  applied  voltage,  (b)  mm-wave  signal,  and  (c) 
plasma  luminousity  are  shown  in  reference  to  that  of  current 
(measured  by  C.T.  in  Fig.2).  Obviously,  the  mm-wave  emission 
results  during  the  glov-to-arc  transition,  when  the  plasma 
luminousity  enhances  as  shown  in  Fig.4-c.  The  risetime  of  mm- 
wave  signal  is  the  fastest  of  all.  There  seems  to  exist  a  current 
threshold  for  the  emission  of  radiation  as  is  evidenced  in  the 
expanded  (lower)  oscillogram  in  Figure  5  (the  upper  traces:  mm- 
wave  and  lower  traces:  current).  According  to  Figure  6,  the 
hydrogen  gives  the  maximum  output  at  higher  pressures  (which  is 
twice  higher)  than  the  case  of  the  other  gases.  Thus,  hydrogen  is 
favorable  for  iong-useful-life  sealed-off  orbitrons.  Next,  the  mm- 
wave  power  was  plotted  with  respect  to  the  discharge  current  in 
Figure  7.  Here,  encouraging  linear  scaling  is  evident  untill  a 
saturation  occurs  with  large  currents.  Simultaneous  voltage  and 
current  measurements  can  give  information  on  input  power  and 
plasma  resistivity  as  computed  for  60mT  in  Figure  8.  At  the  peak 
time  (loons'!  of  mm-wave,  the  input  power  is  ~400kW  and  the 
resistivity  is  ~200n.  The  resistivity  decays  exponentially  as 
confirmed  in  Figure  9,  more  rapidly  at  60mT  than  30mT.  The 
directionality  was  measured  by  a  detector  translating  orthogonally 
to  the  orbitron  axis.  The  angle  of  emission  was  1 1°  (with  & 
without  a  horn  antenna)  as  seen  in  Figure  10,  which  is  close  to 
the  diffraction  limited  angle,  9=1.22X/D=10o,  since  X=4.28mm 
and  D=30mm.  Figure  1 1  shows  typical  radar  pulses  indicating  a 
good  reproducibility  of  ±16%  and  the  average  pulse  height  of  IV. 
This  measurement  was  made  by  a  crystal  detector  with  sensitivity 
of  25V/W  (or  40mW/V)  and  aperture  of  6.7cm2.  The  detector 
was  located  1"  away  from  the  orbitron  of  14cm  long  so  that  the 
power  radiated  for  4it  angle  would  be  6.7W  and  that  for  1 1° 
solid-angle  be  lOOmW.  These  are  the  most  conservative 
estimation  (by  1000  times  at  least),  since  the  detector  was 
calibrated  in  lOmV  range  and  is  well-known  to  be  saturated  above 
lOOmV.  Figure  12  is  a  prototype,  hand-held  mm-wave  radar 
equipped  with  an  orbitron  maser.  Figure  13  shows  results  of  a 
preliminary  radar  experiment,  where  transmission  and  reflection 
of  mm-waves  were  measured  through  a  water-vapor  channel  of 
47cm  long.  Figure  14  shows  effects  of  the  pure  axial  magnetic 
field  externally  applied;  (a)  without  and  (b)  with  field.  With  field, 
the  discharge  starts  earlier  as  in  high  pressure  tube  and  no 
deterioration  in  signal.  This  is  encouraging  since  the  tapered 
magnetic  field  may  be  applied  for  future  orbitrons  in  order  to 
increase  the  energy  conversion  efficiency. 
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ABSTRACT 

In  designing  broadcast  satellite  transponders,  it  is 
required  for  the  filters  handling  high-potrer  RF  signals  to 
have  not  only  lot-loss  characteristics  but  also  good  ther¬ 
mal  stability.  In  order  to  realize  such  filter  perfor¬ 
mance,  we  proposed  a  6-pole  canonical  TEj 13  dual-mode  fil¬ 
ter  which  is  formed  of  silver-plated  Super  Invar  cavities 
with  copper  iris  plates.  The  insertion  loss  and  thermal 
stability  of  the  experimental  filter  were  0.3dB  and 
1.5ppm/’C,  respectively.  Also,  no  significant  deteriora¬ 
tion  on  the  filter  performance  was  observed  even  at  the  RF 
input  power  of  around  400W.  AS  a  result,  it  was  found  that 
this  type  of  filter  was  most  suitable  for  the  high-power 
satellite  transponders  in  view  of  insertion  loss,  thermal 
design,  volume  and  weight. 

INTRODUCTION 

The  transmission  power  for  satellite  broadcasts  is 
needed  to  be  hundreds  of  watts  because  the  desirable 
broadcasting  system  is  based  on  direct  home  reception  by 
low-cost  receivers.  At  present,  the  transmission  power  is 
mainly  around  100W.  In  future,  however,  higher  transmit¬ 
ting  power  will  be  required  in  order  to  further  simplify 
the  receiving  terminals.  At  the  transmitter  of  broadcast 
satellite  transponders,  in  general,  the  system  in  which 
each  channel  signal  is  separately  amplified  is  adopted  for 
the  necessity  of  improving  the  power  efficiency  of  the 
TWT’s;  therefore  the  input/output  multiplexers  are  used 
for  the  channelization.  However,  the  input/output  multi¬ 
plexers  directly  affect  the  transmission  characteristics 
of  the  transponders  such  as  attenuation  and  group-delay 
because  of  consisting  of  narrow  passband  filters.  In  addi¬ 
tion,  the  output  multiplexers  must  handle  high-power  RF 
signals.  Thus,  the  multiplexers  are  very  important  com¬ 
ponents  in  satellite  transponders. 

The  most  indispensable  performance  for  high-power 
filters  is  that  the  insertion  loss  is  as  low  as  possible 
and  the  heat  generated  inside  the  filters,  especially  at 
irises,  can  be  easily  and  efficiently  transported  to  the 
satellite  base  plate  or  to  free  space,  in  order  to  keep 
their  own  thermal  stability.  In  order  to  design  a  low-loss 
filter,  first  of  all,  resonators  with  high  unloaded  Q  (Qg) 


Table  1  Specifications  for  filters 


Items 

Requirements 

Insertion  loss  at  fO 

50.4dB 

Return  loss 

is  20dB 

Bandwidth 

S 27MHz 

Input  power 

400W 

Attenuation 

at  f0±24.86MHz 

g=15dB 

14.0- 14.31GHz 

£40dB 

fO:  channel  center  frequency 


must  be  applied.  Secondly,  the  number  of  resonators  should 
be  minimized  under  the  condition  of  satisfying  the  neces¬ 
sary  attenuation  characteristics.  However,  the  increase  of 
resonators  is  often  preferable  to  the  thermal  design  be¬ 
cause  the  surface  area  becomes  larger. 

The  developments  of  high-power  filters  or  multi¬ 
plexers  using  oversized  cavities  have  been  made  by  D.  J. 
Rosowsky  et  a  1 . C 1  ]  and  A.  E.  Williams  et  al . [2].  However, 
because  the  regulations  such  as  channel  assignments  and 
technical  standards  decided  at  WARC-BS  are  different  in 
each  Region  (this  means  that  the  requirements  to  the  at¬ 
tenuation  characteristics  of  the  multiplexers  are  also 
different  in  each  Region),  the  design  feature  of  these 
multiplexers  has  not  always  applied  to  the  broadcast 
satellites  in  other  regions. 

We  have  been  investigating  an  optimum  filter  for 
high-power  broadcast  satellites  in  Region  3,  and  proposed 
a  6-pole  canonical  dual-mode  filter  consisting  of  TEj 13 
cylindrical  cavities  which  utilized  silver-plated  Super 
Invar  waveguides  and  copper  irises. 

DESIGN  FEATURE 

Channel  bandwidth  and  separation  for  satellite  broad¬ 
casts  assigned  to  Japan,  are  27NHz  and  38.36MHz, 
respectively;  therefore  rejection  band  is  defined  as 
frequency  ranges  separated  by  more  than  ±24.86MHz  from 
the  center  frequency  of  each  channel.  To  satisfy  the 
necessary  attenuation  characteristics  of  the  filter  for 
output  multiplexers  in  rejection  bands  [3](see  Table  1), 
we  considered  that  4-pole  and  6-pole  elliptic  function 
filters  were  suitable  for  realizing  low-loss  characteris¬ 
tics.  A  comparison  between  the  two  types  of  filters  was 
made  on  insertion  loss  at  the  center  frequency,  group 
delay  within  the  27NHz-band,  and  filter  bandwidth  as  a 
function  of  minimum  out-of-band  rejection.  It  is  found 
that  the  6-pole  filter  may  realize  the  satisfactory 
electrical  performance, compared  with  the  4-pole  filter. 
The  former  is  also  advantageous  for  heat  radiation. 

Different  types  of  oversized  cavities  are  evaluated 
in  order  to  obtain  high  Qo  (more  than  to  12,000).  TEou 
cylindrical  cavities  have  been  able  to  obtain  the  Qo  of 
about  20,000  [4].  However,  it  may  be  difficult  to  suffi¬ 
ciently  separate  degenerate  TEqh  and  TMm  resonant 
modes  and  to  design  waveguide  manifold  multiplexers.  In 
addition,  the  use  of  TEqu  mode  is  disadvantageous  in 
volume  and  weight.  From  such  reasons,  cylindrical  TEou 
mode  has  not  been  used,  but  cylindrical  TE | ] 3  or  TEj 14 
mode  has  been  used  for  satellite  application.  The  use  of 
these  modes  makes  it  possible  to  utilize  dual-mode,  so 
that  cross-couplings  required  to  realize  elliptic  function 
responses  are  easily  achieved  and  volume  and  weight  are 
saved.  We  decided  to  select  TE] j 3  dual-mode  cavities  by 
the  tradeoff  between  the  Qq  and  the  volume  and  weight  of 
8-resonator  filters  using  TEj 13  or  TEj J4  mode. 

Fig.  1  shows  the  geometry  of  a  6-pole  canonical  TE113 
dual-mode  filter  with  an  orthonode  T-shaped  junction, 
which  can  achieve  the  isolation  of  more  than  55dB  between 
the  input  and  output  signals  and  acts  a  waveguide  manifold 
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for  mltiplexers.  It  is  known  that  reduction  of  the  Qq  of 
a  coupled-cavity  filter  is  caused  by  surface  roughness, 
coupling  apertures,  and  tuning  screws.  The  insertion  loss 
is,  therefore,  liniiized  by  keeping  the  surface  roughness 
of  less  than  0.2#*,  optimizing  the  thickness  of  iris 
plates  and  shape  of  coupling  apertures  (using  thin  iris 
plates  and  circular  apertures),  and  carefully  choosing  the 
■aterial  of  tuning  screws  (using  low-loss  dielectric 
screws)[3]. 

Super  Invar  *ay  be  the  *ost  suitable  laterial  for  ob¬ 
taining  the  high  therial  stability  of  a  filter  asseibly, 
while  it  is  too  difficult  to  reiove  the  heat  generated  at 
the  irises  due  to  the  very  poor  therial  conductivity, 
which  is  below  1/30  of  that  of  silver.  It  will  be  very  ii- 
portant  to  use  laterial  with  a  good  therial  conductivity 
such  as  silver  or  copper  for  the  iris  plates  instead  of 
Super  Invar.  But,  the  connection  between  two  laterials 
with  the  different  therial  expansion  coefficients  produces 
the  considerable  probleis.  For  instance,  a  warp  of  the 
iris  plates  and  a  change  in  diiensions  of  the  coupling 
apertures  would  be  observed.  The  experiiental  filter  was, 
therefore,  foried  of  silver-plated  Super  Invar  waveguides 
and  copper  thin  iris  plates  (0.3n),  and  the  cavity  seais 
were  laser-welded  under  the  condition  of  keeping  the  tem¬ 
perature  of  the  entire  asseibly  around  150‘C  (*uch  lower 
than  that  of  brazing)  so  as  not  to  produce  the  warp  of  the 
iris  plates  and  not  to  need  to  aodify  the  coupling  aper¬ 
ture  diiensions.  The  generated  heat  can  be  transported 
only  through  the  brackets  which  is  directly  attached  to 
the  iris  plates. 

EXPERIMENTAL  RESULTS 

Fig. 2  shows  the  attenuation  and  return  loss  charac¬ 
teristics  aeasured  within  the  teiperature  range  of  25'C  to 
95*C.  The  frequency  shift  is  1.3MHz,  or  the  therial 
stability  is  about  1.5ppi/‘C.  The  insertion  loss  at  the 
center  frequency  is  0.3dB  at  25*C.  The  averaged  Qo  is  es- 
tiiated  to  be  over  15,000,  or  the  Qo  efficiency  is  ap- 
proxiiately  75%  which  has  never  achieved  yet.  This  result 
proves  that  the  optimization  techniques  have  been  greatly 
effective  for  realizing  a  low-loss  filter. 

The  high-power  tests  were  carried  out  at  the  input 
power  of  200V,  290W  and  380V  in  a  vacuui  chaiber.  Fig. 3 
shows  the  teiperature  on  the  filter  surface.  No  deteriora¬ 
tion  in  the  electrical  perforiance  including  iu 1 1 ipact ions 
was  observed  during  the  tests.  The  aeasured  teiperature  is 
in  good  agreeient  with  the  result  of  the  therial  analysis. 
Judging  froi  the  results  of  such  therial  and  high  power 
tests,  a  stable  operation  can  also  be  expected  at  around 
400V  input  power  in  space  environment. 

CONCLUSIONS 

A  low-loss  high-power  6-pole  canonical  TE113  dual- 
■ode  filter  for  direct  broadcast  satellite  transponders 
has  been  designed  and  developed.  The  leasured  results  show 
that  the  experimental  filter  has  the  satisfactory  electri¬ 
cal  and  therial  perforiance,  and  that  the  optimization 
techniques  applied  to  this  filter  design  are  greatly  ef¬ 
fective  for  realizing  a  low-loss  high-power  filter. 
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Fig.l  Geoietry  of  a  6-pole  canonical  dual-iode  filter 
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ABSTRACT 

A  technique  for  recognizing  real  targets  by  millimeter  wave 
(MMW)  radar  at  35  GHz  and  94  GHz  is  presented.  The 
recognition  is  performed  by  a  model  based  technique  in 
which  real  targets  are  represented  by  their  high  range 
resolution  (HRR)  profiles  in  a  hierarchical  fashion. 

The  unknown  signal  is  classified  by  a  model  matching 
method  and  a  coarse-fine  searching  technique.  The 
advantages  of  this  model  based  method  are  in  low  storage 
capacity,  fast  processing  time  and  high  recognition 
performance.  Moreover  this  technique  is  very  easily 
modifiable  to  incorporate  infrared  sensor  processing. 

We  will  present  the  results  of  the  several  experiments  that 
we  have  conducted. 

INTRODUCTION 

Automatic  Recognition  of  targets  (ATR)  has  been  in  the 
process  of  development  during  the  last  decade*.  The  goal  of 
such  a  system  is  to  either  provide  timely  and  accurate 
assistance  to  a  human  operator  who  is  the  ultimate  decision 
maker  or  to  be  totally  autonomous  in  extraction  of  necessary 
information,  its  processing  and  final  decision  making. 

A  large  portion  of  the  technical  work  in  ATR  has  been,  up 
to  very  recently,  limited  to  the  use  of  imaging  sensors  such 
as  infrared  (IR),  visible  or  radar.  The  widespread  use  of 
millimeter  wave  radar  (MMW)  has  become  only  very 
recently  feasible  due  to  the  rapid  progress  in  the.  MMW  radar 
hardware  developments2.  High  range  resolution  (HRR) 
radar  signatures  at  35  GHz  and  94  GHz  do  provide  a  wealth 
of  information  about  the  different  target  attributes.  It  is  the 
exploitation  of  these  attributes  that  is  addressed  in  this 
paper. 

In  the  work  summarized  in  this  paper  we  present  a  novel 
model  based  technique  for  recognizing  tactical  military 
targets  by  means  of  high  range  resolution  millimeter. wave 
(HRRMMW)  radar  signatures.  We  examine  this  technique 
and  provide  the  results  of  several  experiments  that  we  have 
conducted. 


MODEL  BASED  APPROACH 

A  traditional  approach  to  target  recognition  by  MMW  radar 
in  the  past  has  been  by  using  statistical  pattern  recognition 
techniques.  In  this  approach  for  each  target  various  radar 
signatures  corresponding  to  different  viewing  angles  are  used 
to  train  a  statistical  classifier  which  is  used  to  classify  the 
radar  signature  of  an  unknown  target.  The  techniques 
employing  this  approach  has  shown  severe  limitations  in 
their  recognition  performance  largely  due  to  the  large 
variations  of  the  MMW  radar  signatures  with  the  changes  in 
the  viewing  angles. 

Another  approach  which  is  detailed  here  is  to  employ  model 
matching  techniques.  In  this  approach  a  model  or  models 
for  each  target  is  created  in  terms  of  the  discriminatory 
attributes  of  every  viewing  angle  signature.  Since  the 
MMW  radar  signatures  vary  from  angle  to  angle  for  every 
target,  the  model-driven  technique  has  the  potential  of 
exploiting  these  variations  better  than  the  traditional 
approach.  Moreover,  this  approach  has  the  generality  of 
concept  to  include  in  its  model  not  only  physical  feature 
values  but  also  symbolic  relations  and  this  could  improve 
the  recognition  performance  and  increase  the  robustness. 
Last,  but  not  least,  the  presence  of  clutter  and/or 
countermeasures  have  devastating  effects  on  the  performance 
of  traditional  techniques  and  the  best  hope  for  dealing  with 
these  problems  seems  to  be  with  model  based  recognition 
methods^. 


Figure  1.  Model-Driven  HRRMMW  Target  Recognition 


Figure  1  shows  a  schematic  diagram  of  our  model-based 
approach.  It  consists  of  the  following  steps: 

1)  Creating  models  of  the  targets  of  interest  -  Each  model 
consists  of  the  high  range  resolution  (HRR)  millimeter 
wave  (MMW)  radar  signature  of  the  target  obtained  from 
every  aspect  angle.  Another  way  of  creating  this  model 
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is  to  use  the  3D  scattered  model  of  each  target  and  to 
obtain  the  HRR  profiles  from  it. 

2)  Extraction  of  attributes  -  This  step  can  be  as  general  in 
using  the  whole  HRR  signature  or  it  can  consist  of 
extracting  a  set  of  features  from  each  HRR 
corresponding  to  every  angle,  or  it  can  consist  of  a  set 
of  relational  trees  obtained  for  each  signature. 

3)  Matching  -  This  process  consists  of  two  substeps: 
search  strategy  to  speed  up  storage  processing  time  and 
decision  function  or  matching  function  operation  for  the 
selection  of  appropriate  classifiers.In  our  approach  we 
have  a  novel  coarse  to  fine  search  technique  that  can 
reduce  the  search  space  by  large  amounts. 

EXPERIMENTS 


In  one  experiment  conducted  during  83-84  we  used  3D 
scatterer  data  that  is  available  from  ERIM5  to  generate  1-D 
radar  signatures  of  targets.  These  'model  signatures'  were 
used  in  a  matching  scheme  against  real  radar  signatures  of 
the  same  targets  that  has  been  acquired  by  radars.  The 
targets  used  were  tanks  and  APC's. 
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Table  1.  Matching  Results  in  the  Experiment-I 


Tabic  1  shows  a  typical  normalized  correlation  results  of 
blue  tank  (180°  az  and  6°  elev.)  MMW  radar  signature  with 
the  model  derived  signatures  (derived  from  3-D  ERIM  data 
base)  of  an  blue  tank  at  various  azimuth  &  elevation  angles. 
As  can  be  seen,  the  highest  value,  .62,  is  obtained  from  the 
correct  value  of  Az  &  El.  for  the  blue  tank. 
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Table  2.  Matching  Results  in  the  Experimcnt-II 


The  red  target  at  210°  azimuth  obtained  from  ERIM  3-D 
data  base  has  been  correctly  classified  as  a  red  target  from  the 
stored  model  obtained  from  HRR  Signatures  of  TABILS  12 
data  base.  In  this  case  the  angle  also  is  correctly  identified. 
In  90  different  tests  using  a  red  target  at  different  angles  from 
an  ERIM  data  based  and  stored  models  of  blue  and  red  targets 
at  various  angles  from  TABILS  12,  the  red  target  was 
always  classified  correctly. 

SUMMARY 


A  model  based  technique  for  recognizing  tactical  military 
targets  by  HRRMMW  radar  was  presented.  The  technique 
was  shown  to  have  high  recognition  performance  and  robust 
in  terms  of  viewing  angle  changes.  Its  effectiveness  in 
presence  of  high  clutter  and  countermeasure  remains  to  be 
studied. 


In  the  second  study  using  High  Range  Resolution 
Signatures  available  from  the  government's  TABILS  12  data 
base  and  ERIM  3-D  data  base,  and  using  features  extracted 
from  these  signatures,  it  was  shown  that  in  all  of  the  cases, 
no  matter  what  the  azimuth  angles  of  the  targets  were,  the 
two  tanks  were  classified  correctly.  A  moderate  amount  of 
noise  and  clutter  was  involved  that  we  dealt  with  by  noise 
smoothing  and  threshold  selecting. 

Typical  results  are  tabulated  below: 

d(x,y)  =  1 1  Fx  -  Fy  1 1 

is  the  distance  between  the  feature  vectors  of  the  target  and 
the  stored  model.  The  smallest  distances  signify  the 
decision  parameters. 
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RECENT  ADVANCES  IN  MILLIMETER  WAVE  UP  AND  DOWN  CONVERTERS 
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Varian  Solid  State  Microwave  Division 
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ABSTRACT 

A  26  to  40  GHz  block  converter  for  re¬ 
ceiver  frequency  extension  will  be  described. 
The  converter  has  a  15  dB  NF,  10  dB  conver¬ 
sion  gain,  >50  dB  spurious-free  dynamic 
range,  built  in  BITE,  44  GHz  L.O.  and  meas¬ 
ures  3x3x1  inches.  A  33  to  36  GHz  up/down 
converter  for  an  airborne  jammer  pod  will 
also  be  described. 


26  TO  40  GHz  BLOCK  CONVERTER 

A  26  to  40  GHz  block  converter  has  been 
developed  to  extend  the  frequency  range  of 
existing  microwave  receiving  systems.  This 
converter  design  makes  use  of  state-of-the- 
art  MMIC  devices  in  order  to  achieve  a  high¬ 
ly  compact  package  size  of  3x3x1  inches. 
Figure  1  shows  the  block  diagram  of  the  con¬ 
verter.  A  dielectric  resonator  oscillator 
(DRO),  which  utilizes  a  GaAs  FET  for  the 
oscillator  and  GaAs  MMlC's  for  the  buffer 
amplifier  stages,  is  employed  as  the  local 
oscillator  at  14.67  GHz.  The  DRO  output  is 
used  to  drive  a  tripler  which  provides  the 
44  GHz,  high  side  L.O.  signal  for  the  mixer. 
The  DRO  output  is  also  applied  to  a  doubler, 
on  command,  which  provides  an  in-band  BITE 
signal  at  29.33  GHz.  Phase  noise  of  the  DRO 
is  typically  -80  dBc/Hz  at  10  KHz  offset  and 
the  temperature  stability  is  better  than  4 
ppm/°C. 


26  to  40  GHz  Block  Converter  Diagram 


The  mixer  block,  shown  in  Figure  1, 
utilizes  suspended  substrate  construction 
and  contains  the  mixer,  multipliers,  an  L.O. 
band-pass  filter,  a  20  GHz  low-pass  filter 
and  a  44  GHz  band-re jection  filter  to  mini¬ 
mize  L.O.  re-radiation.  The  converter's 
noise  figure  of  15  dB  results  from  a  mixer 
conversion  loss  of  8.0  dB  and  an  IF  ampli¬ 
fier  having  a  noise  figure  of  7  dB.  The 
IF  amplifier  utilizes  all  MMIC  construction 
and  provides  18  dB  gain.  The  mixer  circuit 
has  a  1  dB  compression  point  of  0  dBm.  It 
utilizes  beam  lead  diodes  in  a  balanced  de¬ 
sign. 

Both  the  DRO  and  the  IF  amplifier  uti¬ 
lize  internal  monolithic  voltage  regulators 
and  reverse  protection  diodes.  They  are 
packaged  in  hermetic,  laser  welded  aluminum 
housings  and  are  subjected  to  MIL-STD-883 
reliability  screening.  Figure  2  shows  a 
photograph  of  the  26-40  GHz  converter  with 
a  waveguide  input. 


Figure  2 

26  to  40  GHz  Block  Converter 


Typical  performance  specifications  are: 
Frequency  Range  26-40  GHz 


IF  Frequency 
L.O.  Frequency 
Converter  Noise  Figure 
Conversion  Gain 
Gain  Linearity 

Input  Power  @  1  dB  Compression 
Spurious  Free  Dynamic  Range 
Operating  Temperature 
Input  Power 


4-18  GHz 
44  GHz 
15  dB 

10  dB  +3  dB 
+2  dB 
~0  dB 
>50  dB 
-20  to  +65°C 
+15  Vdc  @  0.7A 
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33  TO  36  GHz  UP/DOWN  CONVERTER 

A  33  to  36  GHz  up/down  converter  has 
been  developed  for  frequency  extension  of 
an  airborne  jammer  pod.  The  basic  archi¬ 
tecture  of  the  up/down  converter  is  shown 
in  Figure  3.  A  phase-locked  DRO,  refer¬ 
enced  to  a  100  MHz  crystal  oscillator,  is 
used  to  provide  a  hig1'  stability,  low  phase 
noise  signal  at  12.5  GHz.  This  signal  is 
doubled  and  amplified  to  provide  the  L.O. 
signal  for  both  the  up  and  down  converters. 
The  L.O.  power  divider/filter  and  the 
converter/filter  assemblies  are  suspended 
substrate  structures.  The  mixers  utilize 
beam  lead  diodes  and  exhibit  excellent  per¬ 
formance  in  an  airborne  temperature  and 
vibration  environment. 


UP/DOWN  CONVERTER  @ 


Figure  4  is  a  photograph  of  the  VZA- 
3301  AA,  33  to  36  GHz  up/down  converter. 

The  suspended  substrate  mixer/filter/divi¬ 
der  structure^  may  be  seen  in  the  left  cen¬ 
ter  of  the  converter  assembly. 


Figure  4 

VZA-3301  AA,  33  to  36  GHz  Up/Down  Converter 


Figure  3 

33  to  36  GHz  Up/Down  Converter  Diagram 


Typical  performance  specifications  for 


the  up/down  converter  are: 
RF  Frequency 
IF  Frequency 
Down  Conversion: 

RF  Power 
Loss 

Up  Conversion: 

IF  Power 
Loss 

L.O.  Feedthrough 
L.O.  Accuracy 
L.O.  Stability 
Temperature  Range 


33  to  36  GHz 
8  to  11  GHz 

+13  dBm  max. 
13  dB  max. 

+23  dBm  max. 

23  dB  max. 
-30  dBm  typ. 
+200  KHz 
20  Hz  in  75  ns 
-40  to  +60 °C 
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INTRODUCTION 

There  are  many  applications  of  remote  sensing  in  the  fre¬ 
quency  range  near  200  GHz.  The  determination  of  the  role  of 
man-made  chlorine  compounds  in  the  destruction  of  the  ozone 
layer  observed  through  the  emission  from  CIO  near  200  GHz 
is  one  example.  Another  example  is  the  observation  of  CO  at 
230  GHz  as  a  tracer  of  matter  in  the  interstellar  medium.  Het¬ 
erodyne  receivers  are  the  instrument  of  choice  to  perform  these 
observations  due  to  their  high  sensitivity  and  spectral  resolving 
power.  The  nonlinear  tunneling  currents  in  a  superconductor- 
insulator-superconductor  (SIS)  tunnel  junction  have  been  shown 
both  theoretically  and  experimentallyjl]  to  provide  the  lowest 
noise  mixing  element  at  millimeter  wavelengths  in  these  re¬ 
ceivers.  When  properly  optimized,  an  SIS  mixer  displays  the 
important  properties  of  conversion  efficiency  greater  than  unity 
and  noise  temperature  approaching  the  quantum  limit. 

SIS  receivers  intended  for  radio  astronomy  applications  near 
230  GHz  have  been  reported(2,3).  These  receivers  show  excel¬ 
lent  performance  compared  to  competing  Schottky-diode  based 
receivers.  This  report  describes  preliminary  tests  of  a  205  GHz 
SIS  receiver  which  employs  a  Pb-alloy  tunnel  junction  in  a  wave¬ 
guide  mixer  mount.  Double  sideband  receiver  noise  tempera¬ 
tures  as  low  as  113  K  have  been  measured.  This  receiver  de¬ 
velopment  serves  as  an  initial  step  toward  development  of  a 
600-700  GHz  SIS  receiver  for  use  on  the  California  Institute  of 
Technology  Submillimcter  Observatory,  Mauna  Kea,  Hawaii. 

RECEIVER  DESIGN 

The  tunnel  junctions  are  fabricated  on  0.1  mm  thick  x  0.18 
mm  wide  x  3.6  mm  long  fused  quartz  substrates  using  a  tri¬ 
layer  photoresist  bridge  technique  similar  to  that  described  by 
Dolan[4).  The  base  electrode  of  PblnAu  is  200  nm  thick,  and 
the  counter  electrode  of  PbAu  is  300  nm  thick.  The  tunnel  bar¬ 
rier  is  formed  by  thermal  oxidation.  The  mixing  results  given  in 
Table  I  were  obtained  for  a  junction  with  a  normal  state  resis¬ 
tance  R„  =  2in,  a  critical  current  density  Je  =  1.7  x  104  A/ cm* 
and  an  area  of  approximately  0.7  pm*.  The  gap  voltage  is  Vg 
=  2.5  mV  at  4.2  K,  and  the  width  of  the  quasiparticle  current 
rise  at  Vg  is  estimated  to  be  AVg  =  0.6  mV.  This  is  less  than 
the  characteristic  photon  voltage  hf/e  =  0.85  mV  at  205  GHz. 
Using  the  value  of  Je,  the  junction  area,  and  data  published  by 
Magerlein[5],  the  junction  capacitance  is  estimated  to  be  C  = 
36  fF.  This  implies  a  value  of  about  1  for  the  junction  relaxation 
parameter  uRnC,  where  w  =  2xf  and  /  =  205  GHz. 


Figure  1  shows  a  block  diagram  of  the  receiver  which  is 
mounted  in  a  commercial  vacuum  cryostat.  The  mixer  is  a  full 
height  waveguide  mount  similar  in  design  to  that  described  in 
ref.  2  employing  a  noncontacting  backshort  and  E-plane  tuner 
located  Xt/2  in  front  of  the  junction.  The  junctions  are  mounted 
at  the  edge  of  the  waveguide  broad  wall  with  one  lead  grounded 
at  the  opposite  wall.  The  other  lead  containing  an  r/  choke  filter 
is  connected  to  an  SMA  connector  to  provide  the  mixer  IF  out¬ 
put.  Measurements  on  a  48x-scale  model  of  the  mixer  block  in¬ 
dicated  that  this  mount  arrangement  can  properly  match  junc¬ 
tions  with  rf  impedance  10-200  fl  and  with  values  up  to 

about  3. 

The  mixer  block  is  integrated  with  a  dual-mode  conical  horn 
whose  properties  have  been  previously  reported(6).  The  far-field 
pattern  has  a  3  dB  half  angle  of  6°.  A  spherical,  f/1.25  teflon  lens 
provides  an  input  beam  waist  located  at  the  entrance  aperture 
to  the  dewar.  This  arrangement  minimizes  aperture  diameter 
and,  hence,  the  heat  load  on  the  dewar. 

Due  to  the  low  local  oscillator  (LO)  power  requirements  of 
SIS  mixers,  a  simple  room  temperature  mylar  beam  splitter  is 
used  to  reflect  about  2%  of  the  incident  LO  power  into  the 
dewar.  The  LO  source  consists  of  a  68.3  GHz  Gunn  oscilla¬ 
tor  driving  a  x3  frequency  multiplier  which  employs  a  whisker- 
contacted  Schottky  barrier  diode.  A  similar  arrangement  is  used 
to  provide  monochromatic  signals  for  single  sideband  (SSB)  tun¬ 
ing  of  the  mixer. 

Power  from  the  mixer  is  coupled  to  the  L-band  IF  system 
through  a  microstrip  matching  circuit  similar  to  one  previously 
reported(2).  A  20  dB  bidirectional  coupler  allows  test  signals 
to  be  injected  for  evaluating  the  mixer  IF  mismatch  and  the 
IF  system  gain.  A  commercial!?)  low-noise  HEMT  amplifier 
provides  the  first  gain  stage.  Room  temperature  bandpass  filters 
with  a  center  frequency  /o  =  1.4  GHz  and  bandwidth  BW  = 
100  MHz  or  with  fo  =  1.589  GHz  and  BW  =  200  MHz  were 
used  for  the  receiver  noise  measurements. 

Receiver  noise  temperature  Tr  was  measured  using  the  con¬ 
ventional  V-factor  method  by  placing  hot  and  cold  loads  in  the 
signal  beam  path  as  shown  in  Fig.  1  and  measuring  the  total  IF 
output  power.  The  hot  load  is  a  room  temperature  piece  of  Ec- 
cosorb  AN-72  absorber,  and  the  cold  load  is  a  liquid-nitrogen- 
cooled,  pyramidal  cone  of  Eccosorb  sufficiently  large  to  com¬ 
pletely  fill  the  input  beam.  However,  some  of  the  early  double 
sideband  (DSB)  measurements  used  a  flat  Eccosorb  load  which 
gave  less  stable  results  due  to  standing  waves.  For  DSB  mea¬ 
surements,  the  backshort,  B-plane  tuner,  LO  power,  and  bias 
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Measurements 
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Block  diagram  of  SIS  receiver 


voltage  were  iteratively  adjusted  to  maximize  the  total  IF  out¬ 
put  power  with  the  hot  load  in  place.  For  single  sideband  mea¬ 
surements,  a  monochromatic  signal  at  either  the  upper  sideband 
(USB)  or  lower  sideband  (LSB)  was  injected  into  the  receiver, 
and  the  IF  output  power  was  maximized.  While  this  procedure 
gave  good  results,  it  does  not  necessarily  minimize  the  receiver 
noise  since  optimal  tuning  conditions  may  be  missed(8].  No 
sideband  ratios  were  measured  for  SSB  measurements. 


Table  II.  Single  Sideband  Receiver  Noise 
Measurements 

Signal  Frequency  jGHs|  Tr  (SSB)  |Kj 
203.3  (LSB)  170±11 

206.5  (USB)  247±13 

207  (LSB)  178±11 

210  (USB) _ 194±22 


The  single  sideband  receiver  noise  measurements  are  listed 
in  Table  II.  The  SIS  receiver  showed  slightly  improved  perfor¬ 
mance  as  a  SSB  receiver  since  the  lowest  values  are  less  than 
twice  the  DSB  measurements.  The  best  value  Tr  =  170  K  was 
obtained  at  203  GHz.  There  is  a  large  spread  in  these  measure¬ 
ments,  particularly  near  206  GHz  -  207  GHz.  This  is  probably 
again  a  result  of  the  sensitive  tuning  of  the  mixer. 

In  all  the  measurements  reported  above,  the  mixer  was  well 
matched  at  the  IF  with  a  return  loss  typically  of  -6  dB  to  -10 
dB.  Values  as  high  as  -5  dB  and  as  low  as  -15  dB  were  also 
observed. 

SUMMARY 


RESULTS  AND  DISCUSSION 

The  double  sideband  receiver  noise  measurements  are  listed 
in  Table  I.  All  data  were  taken  on  the  first  photon  step  below 
the  gap  and  the  junction  temperature  was  estimated  at  slightly 
above  4.2  K.  Good  performance  was  obtained  over  the  frequency 
range  from  200  to  211  GHz.  The  large  uncertainty  in  the  211.2 
GHz  measurement  is  due  to  the  use  of  a  flat  piece  of  Eccosorb 
for  the  cold  load.  Reflections  at  the  LO  frequency  presumably 
between  the  load  and  feed  horn  lens  caused  some  variations  in 
the  IF  output  power.  The  pyramidal  cold  load  eliminated  these 
problems.  At  205  GHz,  a  value  Tr  =  113  K  was  obtained  with 
the  backshort  position  optimized  close  to  tne  junction.  Retun¬ 
ing  with  the  backshort  A(/2  farther  from  the  junction  usually 
produced  noise  temperatures  closer  to  200  K.  This  is  most  prob¬ 
ably  due  to  the  sensitivity  or  the  mixer  tuning  to  backshort  po¬ 
sition.  This  sensitivity  was  also  seen  in  the  large-scale  model 
and  in  other  similar  mixer  mounts[8j.  In  general,  all  the  mea¬ 
surements  required  careful  adjustment  of  the  backshort.  These 
results  are  comparable  to  previous  receiver  measurements  made 
at  a  reduced  cryostat  temperature  of  2.4  K. 

A  rise  in  Tr  below  200  GHz  is  expected  since  model  mea¬ 
surements  indicate  that  the  transmission  of  the  rf  choke  filter 
on  the  substrate  begins  to  increase  in  this  region.  In  addition, 
Josephson  effects  made  tuning  difficult,  and  the  mixer  may  not 
have  been  fully  optimized.  The  high  drop  back  voltage  of  1.6 
mV  generally  made  tuning  the  receiver  difficult.  A  magnetic 
field  from  a  superconducting  magnet  close  to  the  mixer  reduced 
the  interference  from  Josephson  effects  with  no  adverse  effect  to 
the  receiver  noise  temperature. 


We  have  built  and  tested  a  prototype  205  GHz  SIS  receiver 
for  remote  sensing  applications.  Double  sideband  receiver  noise 
temperatures  as  low  as  113  K  and  single  sideband  values  of  170 
K  were  obtained  with  a  Pb-alloy  junction  at  an  ambient  temper¬ 
ature  close  to  4.2  K.  Measurements  on  junctions  with  improved 
rf  filters  and  on  NbN  junctions  are  currently  in  progress. 
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ABSTRACT 

An  optically-controlled  microstrip  line 
coupler  is  analysed  based  on  Galerkin's 
method  in  the  spectral  domain.  The  scatter¬ 
ing  parameters  of  ports  are  derived  as  a 
function  of  plasma  density  in  semiconductor 
substrate.  Results  are  confirmed  by  experi¬ 
ments  in  the  frequency  band  from  1  to  15 
GHz. 


INTRODUCTION 

Recently  semiconductor  waveguides  with 
high  resistivity  have  been  studied  exten¬ 
sively  in  the  millimeter  wave  integrated 
circuit.  One  interesting  aspect  of 
waveguides  is  the  optical  control  of  phase 
and  amplitude  of  wave  propagation.  [1J  The 
principle  is  to  use  optical  injection  of 
plasma  by  illuminating  the  waveguide  with 
above  bandgap  radiation  thereby  changing  the 
dielectric  constant  and  conductivity  of 
semiconductor. 

This  paper  discusses  about  an  optically- 
controlled  microstrip  line  coupler.  Theory 
is  based  on  Galerkin's  method  in  the 
spectral  domain  [2]  and  experiments  are 
carried  out  using  high  resistivity  silicon 
substrate  and  Light-Emitting  Diode  (LED) 
arrays . 


THEORY 


Figure  1  shows  the  cross  section  of  the 
microstrip  line  coupler.  Two  microstrips 
having  width  2w  are  separated  by  distance 
2c.  The  semiconductor  substrate  consists  of 
two  layers.  When  its  surface  is  illuminated 
with  light,  the  upper  layer  of  the  substrate 
is  assumed  to  be  covered  with  plasma.  It  is 
also  assumed  that  the  depth  of  injected 
plasma  layer  tp  is  uniform  extent  in  the  x 
and  z  directions. 

The  permittivity  of  the  plasma  layer  is 
given  by  [l]  a 

£f=£s- 

-  =e,/>  v  1 


to  ' 


( i ) 


where  COp <*  is  plasma  frequency  and  is  col¬ 
lision  frequency. 

The  Fourier  transform  of  vector  poten¬ 
tials  of  magnetic  and  electric  type  is 
defined  by 

0-j  <!>&■,$  wpitJtfOdx  (2) 

-<x 


Eliminating  unknown  amplitude  coefficients 
of  fields  with  boundary  conditions,  we  ob¬ 
tain 

Gi//Jz.(n)  +  G/zJx(n)  —  Ez(n,Y=d) 

Gl2/jz(n)  +  GmJx  (n)  ~  ExC^y-cO 

where  and  are  the  Fourier  transform 

of  the  current  components  on  two  strips.  G 
is  the  Fourier  transform  of  Green's 
functions.  Galerkin's  procedure  is  applied 
in  (3)  in  order  to  obtain  the  determinantal 
equation.  Jx  and  Jz  are  expanded  in  terms  of 
basic  functions  as 

Jz  (x)  =2 CmJz.m (x) ,  Jx(X)~zLcfaJxJA(x)  ft) 
where  c^,  and  d/<  are  unknown  coefficients. 
Chebyshev's  polynomials  shoud  be  chosen  as 
basic  functions  Jx.mty  and  .  After 

substituting  (4)  into  (3)  we  take  the  inner 
products  with  the  basic  functions.  This 
yields  the  dispersion  relation. 

Scattering  parameters  including  loss  may 
be  defined  as 

|$3/| 

|S4,|  ~e*p(^al7) | 

~  ft  S 

where  suffixes  e  and  o  show  the  even  and  odd 
modes  respectively,  and  Zj  is  the  coupling 
length. 

For  the  numerical  evaluation,  we  have 
assumed  that  the  thickness  of  the  substrate 
is  0.2mm  with  dielectric  constant  11.8  and 
the  plasma  thickness  tp  is  0.02mm.  Plasma 
density,  the  density  per  unit  area,  is 
defined  by  the  product  of  np  and  tp.  The 
number  of  expansion  functions  of  currents  is 
two  for  Jz(x)  and  one  for  Jx(x).  The  conver¬ 
gence  of  the  solution  is  confirmed  by  in- 
creacing  matrix  size  up  to  6x6.  The  matrix 
size  of  3x3  is  used  in  the  following 
calculations. 


ft) 


Fig. 1  Cross  section  of  coupled 
microstrip  lines. 
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In  Fig. 2  scattering  parameters  of  S31 
and  S41  are  plotted  versus  plasma  density 
np*tp  for  two  coupling  lengths  -£T.  It  is 
clear  that  S41  can  be  tuned  from  -30  to 
-lldB  by  changing  plasma  density  over 

lO'^/cm2,  wheras  S31  changes  from  0  to  -lOdB 
with  increasing  small  loss.  This  phenomenon 
is  useful  for  optically-controlled  coupler 
application. 

EXPERIMENTS 

Figure  3  shows  an  experimental  setup  of 
the  optically-controlled  microstrip  line 
coupler.  The  substrate  in  the  coupling 
region  consists  of  a  layered  structure  with 
the  high  resistivity  2000-500012  cm  Silicon 
and  Teflon.  In  the  output  and  input  ports 
the  substrate  consists  of  thick  Teflon  slab 
of  thickness  0.4mm.  The  strip  widths  in  cou¬ 
pling  and  port  regions  are  0.7mm  and  1.3mm 
respectively. 

Optical  control  is  realized  when  cou¬ 
pling  region  between  two  strips  is  il¬ 
luminated  with  7  LED's.  The  maximum  light 
power  is  30mW  for  the  current  of  200mA. 


Fig. 2  Variation  of  scattering  parameters 
as  a  function  of  plasma  density. 


LED  array 


o.4  nSSSHSa  unit:  mm 


Fig. 3  The  optically-controlled 
microstrip  line  coupler. 


Effects  of  light  intensity  on  scattering 
parameters  S31  and  S41  are  mesured  for  the 
frequency  band  from  1  to  15  GHz  as  shown  in 
Fig. 4.  Theoretical  results  are  also  shown  in 
the  figure  with  dashed  lines.  The  amplitude 
of  S41  increases  with  decreasing  frequency, 
but  abrupt  changes  of  amplitude  of  S41  are 
observed.  This  may  be  attributed  to  the 
standing  wave  behaviour  due  to  finite  length 
of  the  mount  structure.  In  the  figure  OdB 
line  in  abscissa  means  the  reference  line 
without  emitting  the  light.  The  overall 
agreement  between  experimental  data  and 
theory  is  observed. 

From  the  experiment  the  plasma  density 
induced  by  the  LED  is  evaluated  to  be  about 
3x10"  /  cm2  which  is  one-third  as  large  as 
the  thoreti cally  estimated  value. 

CONCLUSIONS 

We  have  analysed  coupling  properties  of 
two  microstrip  lines  that  contain  a  plasma 
dominated  region  by  making  use  of  the 
spectral  domain  method.  Scattering 
parameters  in  each  ports  have  been  evaluated 
numerically  as  a  function  of  plasma  density. 
Experiments  were  carried  out  using  high 
resistivity  silicon  and  LED.  The  agreement 
of  theoretical  and  experimental  results  was 
satisfactory.  The  plasma  density  observed 
from  the  experiments  is  one-third  as  large 
as  the  theoretically  estimated  value. 
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ABSTRACT 

We  report  the  results  of  the  optical  generation 
of  microwave  signals  superimposed  as  a  modulation  on 
an  optical  carrier  by  means  of  laser  heterodyning. 

The  modulated  optical  carrier  can  be  easily 
distributed  with  fiber-optic  cables.  This  approach 
offers  microwave  distribution  advantages  in  size, 
weight,  cost,  and  frequency  diversity,  which  are 
desirable  in  improtant  applications  such  as  phased 
antenna  control. 


The  technical  area  of  the  optical  generation  and 
distribution  of  microwave  signals  is  undergoing 
very  rapid  growth  in  recent  years  as  supporting 
technologies  such  as  integrated  optics,  fiber¬ 
optic  communications,  and  microwave  and  millimeter- 
wave  monolithic  integrated  circuits  (MIMIC)  mature 
and  find  practical  applications.  Many  researchers 
have  contributed  to  this  growth,  but  since  space 
limitations  do  not  allow  a  recounting  here,  note 
that  reviews  on  this  subject  are  available  [1,2]. 

Our  work  involves  the  use  of  a  relatively  recent 
development,  the  diode-laser-pumped  1,06  iim  wave¬ 
length  Nd:YAG  ring  laser  [3].  This  laser  has 
inherent  in  its  design  a  very  pure  single-mode 
(less  that  S-kHz  linewidth  over  1  ms),  a  potential 
for  tuning  over  as  much  as  100  GHz,  good  frequency 
stability  (a  few  megahertz  over  minutes) ,  high 
power  efficiency,  compact  dimensions  and  isolation 
from  optical  feedback. 

Fig.  1  presents  the  experimental  configuration 
and  our  approach  to  the  generation  of  microwave 
signals  (solid  lines).  Fig.  1  also  shows  (with 
dotted  lines  and  det  .3  removed)  how  this  approach 
could  control  a  multi-channel  phased-array  antenna. 
Fiber-optic  lines  would  run  from  the  controller 
to  optical  detectors  feeding  MIMIC  power  amplifiers 
behind  the  radiating  elements.  The  actual  micor- 
wave  power  would  come  form  the  MIMIC  power 
amplifiers.  At  this  time,  the  two  lasers  being 
mixed  are  free-running  and  not  intentionally 
coupled  to  each  other  in  any  way.  The  locking 
together  of  these  lasers  at  the  desired  offset 
frequency  can  be  expected  to  improve  the  microwave 
linewidth  by,  orders  of  magnitude  over  the  results 
reported  here.  Such  an  effort  is  under  way.  In  a 
much  more  complicated  configuration  using  less-ideal 
semiconductor  diode  lasers,  a  linewidth  of  less  than 
10  Hz  has  been  reported  at  35  GHz  by  other  researchers 
using  laser  injection  locking  to  enhance  the  coherence 
between  the  optical  signals  being  heterodyned  (4). 

That  configuration  could  not  be  easily  tuned  over 
large  frequency  ranges. 

The  principle  employed  for  phase  control  in  our 
work  is  to  phase  shift  one  of  the  optical  carriers 
in  one  of  the  channels  relative  to  other  before  the 
lasers  are  mixed  in  order  to  achieve  a  corresponding 
phase  shift  in  the  microwave  heterodyne  signal  for 
that  channel.  Although  mirror  translation  was  used 
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to  introduce  the  phase  shift  for  the  results 
reported  here,  integrated  optical  phase 
shifters  are  being  incorporated  and  will  be 
reported  in  the  future.  Optical  beam  steering 
techniques  could  also  be  considered  for  relative 
phase  shift  control  between  channels,  as  has 
been  demonstrated  by  other  researchers  (5). 

The  optical  heterodyne  signal  observed  at 
10  GHz  is  presented  in  Fig.  2.  A  Hewlatt  Packard 
8566B  spectrum  analyzer  was  used  to  record  these 
signals.  Excellent  signal-to-noise  ratio  and 
single-mode  performance  are  observed  on  this  scale. 
Microwave  amplifiers  were  inserted  between  the 
detector  and  the  spectrum  analyzer  for  this 
measurement.  Fig.  3  shows  similar  performance  on 
an  expanded  frequency  scale.  On  this  scale,  double 
peaks  are  apparent  in  the  heterodyne  signal  about 
50  dB  below  the  main  peak  and  between  200  and 
300  kHz  offset  from  the  main  peak.  Obese  peaks  are 
due  to  relaxation  oscillations  in  the  individual 
lasers,  such  amplitude  instabilities  are  common  in 
lasers  and  have  a  freq^ncy  determined  by  laser 
parameters  such  as  gain,  output  coupling,  and  cavity 
dimensions.  Laser  power- leveling  circuitry  coupled 
to  the  pump  diode  laser  has  been  shown  to  reduce 
this  instability  in  these  Nd: YAG  ring  lasers  [6], 

Fig.  4  is  a  partial  display  of  the  effortless 
microwave  tuning  range  of  this  approach. 

Frequencies  above  24  GHz  require  an  external  mixer 
on  the  specttum  analyzer.  Frequency  differences  as 
large  as  100  GHz  should  be  achievable.  Tuning  down 
to  dc  was  straightforward  but  appeared  on  a 
separate  display  range.  The  data  in  Fig.  4  were 
taken  with  no  amplifiers  attached  to  the  detector. 

Fig.  5  shows  the  output  signal  on  an  oscillo¬ 
scope  for  three  detectors  and  three  output  channels. 
The  difference  frequency  was  about  100  MHz  here.  In 
the  figure,  phase  shifts  of  a  fraction  of  2it  were 
achieved  by  moving  a  mirror  in  one  channel  by 
fractions  of  the  1-um  optical  wavelength,  shifts 
of  many  multiples  of  2n  were  also  easily 
demonstrated.  In  a  practical  application, 
integrated  optical  means  would  be  used  for  optical 
amplitude  and  phase  control.  Thus,  the  same 
microwave  phase  shift  could  be  achieved  across 
a  very  broad  microwave  frequency  range  (perhaps 
as  large  as  dc  to  100  GHz)  without  need  of  a 
microwave  phase  shifter  or  change  in  much  of  the 
generating,  controlling  or  distributing  hardware. 

A  bandwidth  of  100  GHz  amounts  to  only  0.03% 
of  the  carrier  frequency  for  these  282-THz  lasers. 
This  offers  some  exciting  possibilities  in  other 
broad-band  microwave  applications.  The  use  of 
these  signals  as  local  oscillators  for  mixers 
at  each  of  the  receiving  apertures  would  allow 
control  of  receive  antenna  beams  as  well.  MIMIC 
technology,  which  is  under  development  in  a 
number  of  laboratories,  would  allow  common 
apertures  for  the  transmit  and  receive 
functions  to  be  combined  with  this  electro 
optical  approach. 


103 


T2.4 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 


REFERENCES 

H.  F.  Taylor,  Optics  News,  22-25,  (Jan  1988). 

J.  J.  Pan,  Microwave  Syst.  News  and  (bmm.  Tech. , 
17,  30-43  (Oct  1987). 

T.  J.  Kane  and  Robert  L.  Byer,  Opt.  Lett.  10, 

65-67  (1985). 

L.  Goldberg,  A.  M.  Yurek,  H.  F.  Taylor,  and  j.  F. 
Weller,  Electronics  Letters  21 ,  814-815  (1985). 

M.  Tainburrini,  M.  Parent,  L.  Goldberg  and  D. 
Stillwell,  Electronics  Letters  _23_,  680-681  (1987), 

Lightwave  Electronics,  Mountain  View,  CA,  private 
communications . 


S/N  RATIO 
REF  200  dBm 


hp 

ions/ 


MKR  10369  911  GHz 
14  90  dBm 


■ 

■ 

H 

■ 

■ 

■i 

u 

u 

■ 

Hi 

m 

■ 

■ 

■ 

M 

■ 

■ 

u 

■ 

Mi 

H 

H 

■ 

■ 

■i 

■ 

■ 

1! 

m 

w\ 

m 

m 

ii 

Hi 

■ 

■ 

■ 

rn 

in 

m 

knJ. 

ri 

Iff 

Wrl 

m 

■ 

Mi,  A 

nr 

rrn 

CENTER  10  369  91  GHz 
RES  BW  3  kHz 


SPAN  1  00  MHz 
SWP100»c 


Fig.  1  Experimental  configuration 
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Fig.  3  Optical  heterodyne  signals  at  10  GHz,  100  kHz/ 
div,  lOdB/div. 
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Fig.  4  Partial  display  of  heterodyne  tuning,  2  GHz/ 
div. 


Fig.  2  Optical  heterodyne  signals  at  10  GHz,  10  MHz/ 
div,  10  dB/div. 


Fig.  5  3-channel  output  of  system.  Middle  channel  was 
phase-shifted  by  mirror  movement,  2  ns/div. 
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ABSTRACT 

The  10  pm  CO2  laser,  submillimeter-wave  FELs, 
and  millimeter-wave  gyrotrons  are  all  being  proposed 
for  collective  Thomson  scattering  alpha-particle 
diagnostics.  We  will  assess  the  relative  advantages  and 
disadvantages  with  wavelength  scaling  in  the  5  mm  to 
10  pm  range  for  this  diagnostic. 

INTRODUCTION 

There  has  been  considerable  interest  recently  in 
the  development  of  collective  Thomson  scattering  as  a 
diagnostic  of  confined  alpha-particles  in  DT  burning 
tokamaks  (1,2).  The  implementation  of  this  diagnostic 
has  been  proposed  at  wavelengths  where  high-power 
resources  are  presently  available,  namely  the  10  pm  CO2 
laser  (3)  and  the  millimeter-wave  gyrotron  (4),  at  the 
extremes  of  the  necessary  wavelength  range.  It  has  also 
been  claimed  that  the  middle  of  this  wavelength  range  is 
the  optimum  and  the  development  of  a  -100pm  free 
electron  laser  (FEL)  has  been  proposed  (5).  Also,  CO2 
laser  pumped  molecular  far  infrared  lasers  (FIR)  have  a 
number  of  strong  transitions  and  have  been  used  for 
thermal  ion  collective  Thomson  scattering  in  tokamaks 
(6,7).  With  the  choice  of  available  wavelengths  and 
source  technologies  increasing,  an  assessment  is 
needed  on  the  influence  of  wavelength  on  the  perfor¬ 
mance  of  this  diagnostic. 


Figure  1  shows  the  tradeoff  between  scattering 
angle  and  wavelength  in  meeting  this  condition  for  a 
range  of  Debye  lengths  typical  of  tokamak  plasmas.  The 
longer  the  wavelength  the  larger  the  scattering  angle, 
which  would  facilitate  rejection  of  stray  source 
radiation,  improve  spacial  resolution,  and  improve  the 
flexibility  in  adapting  to  a  given  port  access  on  a 
tokamak.  In  addition,  at  a  given  scattering  angle, 
longer  wavelengths  would  increase  the  range  of  validity 
of  the  scattering  condition  to  plasmas  of  higher  tempera¬ 
tures  and  lower  densities. 

SIGNAL  TO  NOISE 

The  scattered  signal,  Ps,  is  noiselike  as  well  as  the 
total  background,  Pn,  due  to  plasma  emission  and 
receiver  noise  temperature.  When  Ps/Pn  «  1  and 
(Aft)  » 1  then  the  signal  to  noise  ratio  is  given  by 

S/N  =  £|  (2) 

where  Af  is  a  receiver  frequency  channel  width  and  z  is 
the  integration  time.  Eq.  2  assumes  signal  modulation 
and  lock-in  detection  are  used  if  necessary. 

The  scattered  signal  is  given  by 

Ps  =  P0  nergLQrS(k,co)  (3) 


ALPHA-PARTICLE  COLLECTIVE  THOMSON 
SCATTERING  CONDITION 

The  first  consideration  in  the  choice  of  wavelength 
is  the  need  to  satisfy  the  condition  for  scattering  from 
collective  electron  fluctuations.  It  should  be  satisfied 
with  sufficient  margin  so  that  the  fast  alpha-particle 
component  of  the  spectrum,  for  fractions  as  low  as  na/ne 
=  0.1%,  exceeds  the  thermal  electron  component.  This 
condition  can  be  defined  in  terms  of  the  Salpeter 
parameter 


where  P0  is  incident  power,  re  =  2.82  x  10'13  cm  the 
classical  electron  radius,  LQ  ~  X</(F#  sin  0)  from  the 
antenna  theorem  whe*  ■»  F#  is  the  receiver  optics  f- 
number,  T  (9)  is  a  geo  letrical  form  factor,  and  S(k,co)  is 
a  frequency  form  factor.  Hutchinson  (10)  has  shown 
that  the  mean  of  the  frequency  form  factor  for  alpha- 
particles  is 


S<x(k,co)  — 


^ona _ 

2 it  vanesin  0/2 


(4) 


a  =  ( I  k  I  Ad)'1  k  3  (1) 

where  I  k  I  =  I  k0  -  ks  I  =  (4  n  sin  0/2)/Xo  is  the  fluctuation 
wavenumber  as  determined  by  the  scattering  angle,  0, 
and  source  wavelength,  \0,  and  Xo[m]  =  7.43  x  103 
(Te[eV]/ne[mm3])1/2  is  the  electron  Debye  length.  The  one 
exception  to  the  above  condition  is  when  the  k  to  B  angle 
is  near  90°  (8).  However,  even  in  that  case  large  a  is 
important  to  keep  the  signal  strength  up. 


when  the  distribution  function  is  limited  between  -va 
and  +va  (va  =  1.3  x  107  m/s,  3.5  MeV  alpha  velocity)  and 
there  are  no  plasma  resonances. 

It  can  therefore  be  shown  that  the  signal  to  noise 
ratio  scales  as 


h£!l 

PN  sin©  (sin  0/2)1/2 


NORMALIZED  OPACITY 
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Table  1 

Comparison  of  Possible  Sources  for 
Collective  Thomson  Scattering  Alpha- 
Particle  Diagnostics 

Peak  Av. 


Source 

2. 

(mm) 

Power 

(MW) 

Power 

(W) 

Gyrotron 

10-1 

1 

IV 

►-» 

o 

cn 

FEL 

10-0.01 

102 

>10 

Molecular 

FIR 

0.152,0.114, 
0.090,  etc. 

2 

<  l 

C02 

0.01 

102 

>  i 

f/fc 


Figure  2 

Electron  cyclotron  emission/absorption  for 
propagation  perpendicular  to  the 
magnetic  field 


SCATTERING  WAVELENGTH:  X.  (mm) 


Figure  1 

Collective  Thomson  scattering  condition  for 
alpha-particle  diagnostics  except  for  k  near 
perpendicular  to  B 
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where  we  have  taken  into  account  that  Af «  (sin  0/2 )/X0. 
The  A.3  scaling  given  in  (10),  Eq.  20  is  misleading  because 
the  receiver  spot  size,  D,  in  the  denominator  is  a 
function  of  X.  However,  wavelength  scaling  stronger 
than  X3/2  is  possible  through  Pn,  if  receiver  temperature 
limited,  since  the  quantum  noise  limit  is  proportional  to 
1/X  and  more  sensitive  receivers  are  in  general  available 
at  longer  wavelengths. 

PLASMA  ACCESSIBILITY 

The  plasma  medium  will  restrict  the  usable 
wavelengths.  The  absolute  long  wavelength  limit  will  be 
the  lower  extraordinary  mode  (X-mode)  cutoff  frequency. 

fx  =  [(fo/2)2  +  fp2]l/2  -  fc/2  (6) 

Where  fc  =  28  GHz/Tesla,  the  electron  cyclotron 

resonance  and  fp  =  8.97  Vne[m-3]  Hz  the  electron  plasma 
frequency.  Refraction,  however,  will  effectively  limit  the 
maximum  wavelength  to  about  twice  the  cutoff 
frequency. 

Electron  cyclotron  emission/absorption  (ECE)  will 
be  the  next  major  restriction.  Figure  2  shows  a  plot  of 
normalized  opacity  versus  frequency  for  X-mode 
propagation  perpendicular  to  the  magnetic  field  in  a  Te  = 
25  KeV  plasma  (11),  En.  14.  This  is  the  worse  case  for 
opacity  when  Te  <50  KeV,  and  there  are  no  runaway 
electrons.  The  optical  depth  is  obtained  by  multiplying 
the  normalized  opacity  by  the  factor  2k  fp2R/cfc  »  103 
where  R  is  the  tokamak  major  radius.  For  practical 
purposes  the  optical  depth  should  be  less  than  0.01. 
Without  a  viewing  dump,  because  of  wall  reflections, 
Figure  2  would  also  be  valid  for  other  propagation 
directions  and  for  the  O-mode. 

The  wavelengths  that  could  be  used  for  collective 
Thomson  scattering  are  therefore:  1)  between  the 
fundamental  electron  cyclotron  resonance  and  the  X- 
mode  cutoff,  2)  between  f/fc  =  1  and  2  in  O-mode  to  avoid 
the  upper  X-mode  cutoff,  or  3)  above  the  10th  harmonic. 
For  example,  in  a  10  Tesla  compact  ignition  tokamak 
(GIT),  these  wavelengths  would  correspond  to  2-1,  0.75, 
or  0.1  mm,  respectively.  To  use  the  middle  wavelength 
would  require  a  vertically  oriented  scattering  geometry 
with  a  viewing  dump  to  avoid  spacial  overlap  of  the  ECE 
due  to  the  1/R  magnetic  field  dependence  not  shown  in 
Figure  2.  Also,  with  higher  electron  temperatures,  Te  > 
25  KeV,  the  lower  two  diagnostic  wavelengths  would 
become  increasingly  more  difficult  to  use. 

TECHNOLOGY  LIMITS 

Table  1  lists  possible  source  technologies  for  this 
diagnostic  that  are  or  expected  to  be  available.  High 
average  power  is  just  as  important  as  high  peak  power 
because  of  the  dependence  of  signal  to  noise  ratio  on 
integration  time,  Eq.  2.  The  gyrotron  and  expected 
performance  of  FELs  have  an  advantage  in  this  respect. 
The  very  low  average  power  of  molecular  FIR  lasers 
combined  with  their  relatively  low  peak  power  would 
make  this  source  technology  a  marginal  candidate 
unless  additional  development  is  undertaken. 

Low  noise  receiver  bandwidth  capability  is 
another  consideration.  Schottky  diode  mixers  available 
in  the  10-0.1  mm  wavelength  range  have  bandwidths  on 


the  order  of  10  GHz,  sufficient  to  detect  all  or  a  large  part 
of  the  alpha-particle  spectrum.  In  the  0.10-0.010  mm 
range,  low  noise  wide  bandwidth  mixers  are  not 
available.  At  0.010  mm  cooled  low  noise  HgCdTe  mixers 
with  bandwidths  of  a  few  GHz  are  possible,  but  because 
the  alpha  spectrum  would  be  over  20  GHz  wide  at  this 
wavelength,  more  than  one  receiver  would  be  needed. 

CONCLUSIONS 

The  wavelength  for  collective  Thomson  scattering 
diagnostics  of  alpha-particles  should  be  chosen  as  long 
as  possible,  consistent  with  plasma  accessibility.  The 
ease  of  meeting  the  collective  Thomson  scattering 
condition  and  signal  to  noise  ratio  are  improved  with 
wavelength.  Also,  the  availability  of  high  average  power 
sources  and  low  noise,  wide  bandwidth  receivers  is 
improved.  The  longest  wavelength  accessible  to  the 
plasma  is  therefore  the  optimum.  Spacial  resolution 
will  not  be  an  important  wavelength  limit  because  even 
with  X  =  5  mm  the  3  dB  Gaussian  beam  resolution  is  4 
cm  with  F#/ll  optics,  quite  suitable  in  large  DT  burning 
tokamaks.  The  use  of  shorter  wavelengths  is  only 
justified  if  plasma  emission/absorption  or  refraction  are 
too  severe  at  longer  wavelengths. 
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ABSTRACT 

A  Thomson  scattering  diagnostic  for  measuring  the 
alpha  particle  velocity  distribution  is  described. 
Calculations  of  scattering  are  made  for  a  CIT  type 
plasma  using  available  C02  laser  and  heterodyne  tech¬ 
nology.  Tests  of  a  long  pulse  C02  laser,  multichan¬ 
nel  heterodyne  detector,  and  an  absorption  cell  for 
stray  laser  radiation  are  presented. 

INTRODUCTION 

The  next  generation  of  fusion  reactors  has  as  its 
main  physics  goal  the  study  of  alpha-particle  heating 
(1).  To  study  these  alpha  particles  we  have  examined 
the  feasibility  of  a  Thomson  scattering  diagnostic 
based  on  a  high  power  C02  laser  (2).  The  scattering 
geometry  for  this  diagnostic  is  depicted  in  Fig.  1. 
The  scattered  power,  Ps,  into  the  solid  angle  dfl  and 
over  the  frequency  interval  do>  is  given  by  (3) 


Ps  dfidw  =  P!  r02  neLd!l|  S(k,u)  (1) 


where  Pj  is  the  incident  laser  power,  r0  is  the  elec¬ 
tron  radius,  ne  is  the  electron  density,  L  is  the 
scattering  length,  and  S(k,u)  is  the  spectral  density 
function  which  can  be  separated  into  contributions 
from  the  individual  species  In  the  plasma  (4). 

S(k,w)  =  Se(M  +  S0(M 


+  ST(M  +  Sa(M  (2) 


The  measurement  of  the  alpha  particles  requires  that 
Sa  form  a  substantial  portion  of  S(k,u);  this  permits 
the  spectrum  of  the  scattered  power  to  be  used  in  a 
measurement  of  the  alpha  particle  velocity  distribu¬ 
tion.  To  achieve  this,  past  studies  have  shown  that 
detection  of  scattered  radiation  must  be  performed 
at  small  angles  (2,4).  For  a  1°  scattering  angle  and 
the  plasma  parameter  expected  in  the  Compact  Ignition 
Tokamak  (CIT)  (1),  a  plot  of  the  scattered  power 
spectrum  is  given  in  Fig.  2. 


Figure  2. 

The  scattered  power  spectrum  for  a  CIT  type 
plasma  for  Pj  =  2  MW  and  a  1°  scattering  angle. 


Because  of  the  small  signal  levels  expected  in 
the  presence  of  a  large  incident  laser  beam,  care 
must  be  taken  to  reduce  any  stray  laser  radiation 
to  a  minimum.  The  use  of  unstable  resonator  optics 
helps  maintain  a  low  divergent  laser  beam  and 
heterodyne  detection  (5)  rejects  the  collected  stray 
laser  power  provided  the  stray  power  remains  well 
below  the  1  mW  power  level  of  the  detectors  local 
oscillator.  To  achieve  this  a  resonant  absorption 
cell  has  been  investigated  which  acts  as  a  notch 
filter  at  the  C02  laser  lines.  This  is  similar  to 
a  previously  proposed  filter  for  use  in  the  measure¬ 
ment  of  keV  ions  (6). 

RESULTS 

Component  tests  of  the  pulsed  laser,  heterodyne 
detectors,  and  notch  filter  have  proven  successful. 

A  complete  systems  test  on  a  nonburning  plasma  Is 
being  developed  which  is  to  observe  the  Thomson 
scattering  from  the  electrons. 
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Abstract 


Heating  of  plasma  electrons  by  high  power  millimeter  wave  fields 
at  the  electron  cyclotron  harmonic  resonance  is  studied.  A  mirror 
magnetic  field  is  modelled  for  investigating  the  local  trapping  of 
electrons.  Then,  the  suprathermal  electrons  generated  by  the  ECRH 
of  trapped  electrons  is  analyzed.  It  is  generally  believed  that  these 
hot  electrons  can  be  used  to  produce  the  average  minimum  B  field 
configuration  for  stabilizing  the  interchange  mode. 


1.  Introduction 

Considerable  interest  in  electron  cyclotron  resonance  heating  by 
high  power  rf  waves  is  stimulated  by  the  availability  of  gyrotrons  1 
and  the  successful  demonstration  of  ECRH  in  fusion  research  devices  2,3 
The  high  power  level  of  the  heating  sources  and  the  effectiveness  of 
the  ECRH  heating  schemes  ■,,5,6  suggest  the  possibility  of  generating' 
energetic  electrons.  It  has  been  seen  experimentally  that  the  created 
annuli  of  hot  electrons  provide  stability  on  Elmo  Bumpy  Torus  2. 

The  efficiency  of  electron  heating  depends  on  the  rate  of 
net  energy  gain  throughout  the  entire  period  of  the  wave-particle 
interactions.  Hence,  a  resonance  condition  assures  the  effectiveness 
of  the  ECRH  process.  However,  an  exact  resonance  conaiuon  is 
hard  to  achieve.  A  small  mismatch  from  the  resonance  condition 
causes  deterioration  in  the  “effective”  heating  efficiency.  This  is  the 
detiming  effect  introduced  by,  for  instance,  the  inhomogeity  of  the 
background  magnetic  field  and  the  motion  of  the  electron  guiding 
center. 

As  shown  in  the  previous  work  5,  the  detuning  effect  can  be 
removed  when  a  boimce  motion  is  introduced  to  the  guiding  center 
motion  of  electrons.  The  bounce  motion  results  from  a  simple 
harmonic  oscillation  of  electrons  along  the  uniform  background 
magnetic  field,  which  is  imposed  by  an  externally  applied  field.  In 
the  present  work,  the  previous  theory  is  extended  by  considering  the 
trapped  electrons  in  the  local  mirror  field  of  a  general  magnetic  field 
configuration.  The  proposed  process  is  applicable  to  the  heating  and 
generating  energetic  electrons  in  theTokamak  type  of  fusion  u,. -n.es. 

2.  Formulation  of  the  Theory 

The  equation  of  motion  of  an  electron  in  the  micro-wave  fields 
and  the  backgroimd  mirror  magnetic  field  can  be  written  as 


+  -v  x  B 


where  r  .=  (fj_,  z),  rx  and  vx  are  related  through  the  guiding  center 
position  Rx  as 

?JL  =  #1  -  ^  x  “l(0  (2) 

the  mirror  magnetic  field  is  given  by 


r=b0[i+(i/£2)(*2-4/2) 

-  (l/2L2)(u2 /n2)]z 

+  (B0/L2Q)RX  •  z  X  vxz  -  ( Bo/L)z 

■  [Ri.-(i/n)zxia(t)] 


where  L  is  the  scale  length  of  the  mirror  field.  It  is  convenient 
to  introduce  a  drift  velocity  vp  =  -  <  Fx  >  Xz/eB  = 
-(Qo/2n2)(i '/L)2Rx  x  z  and  let  v  =  u  +  vp  where  Fx  = 
(mn0/L2n)Rx  ■  (z  X  vx)(z  x  ujJ. 

Consider  an  ordinary  polarized  heater  wave  propagating  on  the 
x  -  z  plane  with  k  =  xkx  +  zJb||.  The  wave  fields  can  be  then 
expressed  as  Ei(r,t)  =  (zkx/k  -  xk^/k)Bi  cos(fcjLX+  fc||Z  -  ait)  and 
5i(r,t)  -  -yB\  cos (kxx  +  k^z  -  ait)  where  cEj/Rj  =  a i/k.  It  is 
found  that 


(4) 


•  cos(fc^z  +  F||Z  -  ait)  + 


and 


U  =  Uj  -  lUy 


=  exp  -i{00  +  j (  dt'(n  -  o>£>) 


{“10+ 


f  dt1  exp  i(0o  +  f  ds(Cl  -  wp) 
Jo  Jo 


■  (noBi/B0)(khu,/k2  ~  uz) 

■  cos^z  +  L'||Z  -  ait')} 


(5) 


where  /-}|  =  -(mQ0//.2fl)t;^,  u)p  =  (Qq/2Q2)(v2x/ Jj2)  and  ft  = 

n0[i  +  (i/l2)(z2  -  r\/2)}. 

Assuming  that  the  guiding  centers  of  the  trapped  electrons 
arc  distant  from  the  central  axis,  viz.,  |R_i(0)|  >  |z|,  then  Q  ~ 
n0(l  -  R2  (0)/2L2)  =  constant.  At  resonances,  ai  =  nft,  equation 


no 
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(4)  becomes 


=  -2a(t)sin($  +  J  wBdt') 


(6) 


where  u>g(=  {u$lu)(v\l l?)\  is  the  bounce  frequency, 

a(t)  =(w/kx  )(*f,/fc2)n(Bi/50) 

-  Jn(kxR±o)MW)Ji  (X)  sin "W2  +  «o  +  V- +  <fo) 


and 

Tx  ~  Tx  o  cosh  <  a  >  t 
where  <  a  >=  O)  <  X  >,  aj 

<  X  >=  (fc||tW  <  UB  >)  cosfai  fc|]  /q  dt' /  <  U1B  >)  and  <  uiB  >= 
(fi0Txo/mnL2)1/2(cosh  <  a  >  t]1/2. 

4.  Summary 


,  where  60  =  tan  1(vyo/vx0),  <h  =  tan-1(Xxy(0)/fiXi(°))i  ti  = 
tan-1(uy/uI)  -  tcin-1(t;yo/uio)  -  fit  +  Jo  <*>/><&'. 

From  equation  (6),  one  can  obtain 


|  cos(n(V’  +  80  +  <f>0  +  *V2)]I 
=  l-^^sin2[n(0°+^  +  Jr/2)]1/2 


(7) 


and 


2neEj  fc±*|| 
mfi  k 


Jn(kxR10)J0(X) 


•  [J2n{W)  -  d2(lFo)sin2(n(0o  +  *,+  W2))]1/2 


(8) 


where  IF  =  kxux/Q  and  ifi  =  tan~1(uy/ux)-tan~,(uyo/t»Io)-^t+ 
jQU>£)dt'.  Equation  (8)  defines  the  heating  rate  of  a  single  electron. 
Its  analysis  is  given  as  follows. 

3.  Analysis 


The  theory  of  electron  heating  via  the  cyclotron  resonance 
mechanism  has  been  formulated.  The  process  under  consideration 
is  the  interaction  between  electrons  and  the  obliquely  incident  pump 
wave  with  ordinary  polarization  in  a  mirror  magnetic  field.  The 
mismatched  resonance  condition  in  inhomogeneous  plasmas,  known 
as  the  detuning  effect  in  the  resonance  heating  of  electrons  by 
the  obliquely  incident  waves,  can  be  removed  provided  that  the 
bounce  motion  of  electrons  occurs.  The  rates  of  electron  heating 
for  the  fundamental  and  the  second  harmonic  cyclotron  resonances 
tire  derived  in  the  previous  sections.  They  will  be  used  to  eveduate 
the  heating  of  trapped  electrons  in  Tokamak  devices.  The  numerical 
results  will  be  presented  and  discussed  in  the  meeting. 
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Only  electrons  outside  the  loss  cone  with  (uzo/t>xo)  <  0  ~ 
Bo/Bm)1/2/(B0/flm)1/2  can  be  trapped  locally  and  heated  reso¬ 
nantly  in  a  long  enough  period.  Therefore,  attention  will  be  focussed 
on  these  electrons  with  |A'|  <  |fc||U2o/“Bol  <  (Bm/Bo  -  l)1/2fc||i(l  - 
R\(0)/2L2)1/2. 

The  following  relation  can  be  derived  from  (8) 

_ dVi* _ 

[JlW  -  J2(W0)  s\n2  n(0 o  +  *  +  f))1/2  (9) 

_2neElklk]i 

-~7rfT  k  Jn^R^)dl 

Two  cases,  the  fundamental  (n  =  1)  and  the  second  harmonic 
resonance  (n  =  2)  heating  of  electrons,  sire  considered. 

For  case  1:  n  =  1 

Integrating  (12)  yields 
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ABSTRACT 

The  properties  of  highly  oversized  tubular  HE,,  wa¬ 
veguide  (circumferentially  corrugated  or  dielectri¬ 
cally  lined  metal  guide)  and  of  quasi-optical 
Gaussian  beam  waveguide  (using  focusing  metallic 
mirrors)  are  reviewed  and  compared  in  order  to  ex¬ 
tract  the  specific  advantages  and  disadvantages  of 
these  two  approaches  for  use  in  low-loss  megawatt  CW 
millimeter-wave  transmission  systems.  Manufacturing 
imperfections  may  limit  the  application  of  the  con¬ 
venient  HE,,  waveguide  to  the  1  MW  /  100  to  140  GHz 
range.  Quasi-optical  transmission  is  ideal  for  mul¬ 
ti-megawatt  millimeter-  and  submillimeter-wave  sys¬ 
tems  using  beam  combination.  Depending  on  the  power 
and  frequency  requirements  and  on  the  accessibility 
constrains,  combined  systems  may  be  realized. 

INTRODUCTION 

The  efficient  generation  and  transportation  of  high 
power  radiation  in  the  millimeter  and  submillimeter 
regions  has  received  considerable  attention  for  RF 
heating  of  plasmas  in  reactor-type  thermonuclear  fu¬ 
sion  experiments.  In  magnetic-confinement  devices  as 
steady-state  tokamaks  and  stellarators  four  tasks 
for  this  electron  cyclotron  resonance  heating  (ECRH) 
systems  were  identified  [1]:  plasma  start-up  (pre¬ 
ionization),  bulk  plasma  heating  (at  fundamental  or 
2nd  harmonic  ECR  frequency  f_e),  profile  control 
and  plasma  current  drive  at  upshifted  (1.3  fc?  <  f  < 
1.5  fce)  frequency.  Depending  on  the  desired  neating 
scenario  and  on  the  magnitude  of  the  confining  m  j- 
netic  field,  powers  between  10  MW  and  approximately 
100  MW  and  frequencies  from  100  GHz  to  almost  600 
GHz  are  needed.  Efficient  application  of  ECR-waves 
requires  the  launching  of  an  axisymmetric,  pencil¬ 
like  millimeter-wave  beam  into  the  plasma,  with 
well-defined  direction  and  with  a  specific,  control¬ 
lable  polarization  state.  Tunable  (or  step-tunable) 
single-mode  sources  capable  of  high  average  power 
(2  1  MW/unit)  continuous  operation  in  the  frequency 
range  increasing  from  100  GHz  to  600  GHz  are  cur¬ 
rently  under  development.  These  investigations  in¬ 
clude  circular-cavity  gyrotrons,  quasi-optical  gyro- 
trons,  cyclotron  autoresonance  masers  (CARMs)  and 
free-electron  masers  (FEMs)  [see  this  Conf.  Digest]. 

The  down  conversion  of  the  complicated  higher- 
order  modes  (e.g.  rotating  whispering  gallery  modes 
(WGMs))  of  the  future  WGM  gyrotrons  and  CARMs  utili¬ 
zing  conventional  in-waveguide  mode  transformers  [23 
with  highly  oversized  waveguide  diameter  is  practi¬ 
cally  impossible.  At  reduced  diameters,  the  possibi¬ 
lity  of  RF  breakdown  in  the  waveguide  may  be  inevi¬ 
table.  Thus,  present  day  solutions  of  microwave 
power  transmission  (oversized  TE0,  waveguide  [2]) 
appear  to  be  inadequate  to  satisfy  future  require¬ 
ments.  The  improvement  of  the  conversion  efficiency 
of  quasi-optical  mode  transducing  antennas  (n  *  80%) 
[33  which  are  installed  inside  the  source  and  direc¬ 
tly  convert  rotating  asymmetric  higher-order  modes 
into  a  linearly  polarized,  collimated  free-space 
Gaussian  beam  is  of  particular  importance  for  the 


future  prospects  of  ECRH.  Since  quasi-optical  gyro¬ 
trons  and  FEMs  may  also  emit  a  linearly  polarized 
fundamental  mode,  there  are  two  major  concepts  for 
low-loss  high-power  millimeter-wave  transmission: 

(1)  closed,  highly  oversized  tubular  HE,, -mode  wa¬ 
veguide.  The  perfectly  linearly  polarized  HE,, 
hybrid  mode  couples  by  98  to  99  %  to  the  free- 
space  TEMqq  mode. 

(2)  quasi-optical  TEMqq  transmission  through  a 
Gaussian  beam  waveguide  using  focusing  reflec¬ 
tors  as  phase  correcting  elements  [4]. 

This  paper  compares  these  two  approaches  and  discus¬ 
ses  their  specific  advantages,  disadvantages  and 
limits.  Both  systems  may  be  designed  without  vacuum 
windows  at  the  output  of  the  sources  and  at  the  in¬ 
put  ports  of  the  plasma  vessel.  However,  if  ceramic 
MW/CW  millimeter  wave  windows  (e.g.  cryogenic  sap¬ 
phire  windows)  would  be  available,  this  would  sim¬ 
plify  the  handling  of  the  ECRH  system  since  then  the 
problem  of  tritium  contamination  must  not  be  faced. 

HIGHLY  OVERSIZED  TUBULAR  HE, ,  WAVEGUIDE 

1.  Properties  of  Overmoded  Circular  HE,,  Waveguide 
Two  major  possibilities  for  a  closed  waveguide  pro¬ 
pagating  the  HE, ,  hybrid  mode  at  CW  powers  around 
1  MW  (I.D.  =  70  -  90  mm)  and  frequencies  up  to  ap¬ 
proximately  140  GHz  have  been  considered: 

-  corrugated  circular  metal  waveguide  [2] 

-  dielectrically  coated  circular  metal  guide  [5). 

At  f  =  140  GHz  and  I.D.  =  88.9  mm  the  HE,,  hybrid 
mode  exhibits  the  following  features: 

(a)  ohmic  attenuation: 

corrugated  Cu-waveguide  (slot  depth  d  =  X/4): 
a  =  5-10-5  dB/m, 

dielectrically  lined  (AloCM  Cu-waveguide  [5] 
(tan  6  =  1.14- 10-3,  e  =  8:8,  d  =  0.095  mm): 
a  =  3- 10""  dB/m, 

(b)  maximum  electric  field  on  axis  at  1  MW  power: 
E^O)  =  7  kV/cm, 

(c)  maximum  electric  field  at  the  waveguide  surface: 
Emax(a)  =  70  V/cm, 

(d)  broadband  characteristics  from  80  -  1 70  GHz. 

By  reducing  the  slot  depth  to  d  =  0.3  X/4  and  choo¬ 
sing  a  lower  conductivity  material  for  the  waveguide 
(e.g.stainless  steel),  the  guide  acts  as  a  mode  fil¬ 
ter  for  higher  order  spurious  modes,  while  the  atte¬ 
nuation  of  the  HE,,  mode  remains  negligible.  Several 
possibilities  to  manufacture  corrugated  or  dielec¬ 
trically  lined  waveguide  are  being  investigated. 

2.  Quasl-Optical  Waveguide  Bends 

The  highly  oversized  dimension  of  the  waveguide 
makes  it  possible  to  use  quasi-optical  (mirror) 
bends.  The  main  advantages  of  such  HE,,  mitre  bends 
are  the  compactness  (flexible  geometry)  and  large 
bandwidth.  The  theoretical  mode  conversion  loss  for 
a  plane  HE,,  mitre  bend  is  given  by  the  following 
asymptotic  formula  (H-  and  E-plane)  [6]: 

Pc(dB)  =  [X/(a  -sin  <J>)]3/2  ,  (1) 

where  $  is  the  bend  angle  and  a  the  waveguide  ra- 
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dius.  Our  measurements  are  in  good  agreement  with 
this  expectations.  The  ohmic  attenuation  at  the 
plane  Cu-mirror  of  the  bend  is  described  by: 

H-plane  bend:  PH(%)  =  0.37-S-(1/3X)1/2-cos  <J>  (2) 

E-plane  bend:  PE(%)  =  0.37-S-(1/3X)1/2/cos  $  (3) 

where  the  factor  S  =  1.5-2  refers  to  the  non-ideal 
conductivity  (surface  roughness).  The  expected  total 
losses  for  a  90°  HE-|i  mitre  bend  in  a  I.D.  =  88.9  mm 
waveguide  at  140  GHz  are: 

H-plane  bend:  PE  =  0.4  %  (0.15%  ohmic  losses) 

E-plane  bend:  P?  =  0.55  %  (0.3  %  ohmic  losses). 

The  conversion  losses  (0.25  %)  can  be  reduced  by 
using  phase  corrected  (curved)  mirrors  (6). 

3.  Influence  of  Imperfections 

Conversion  losses  to  spurious  modes  at  junctions 
between  different  waveguide  sections  and  mitre  bends 
(abrupt  tilts)  scale  with  a/X.  Due  to  this  scaling, 
the  open  quasi-optical  beam  waveguide  becomes  supe¬ 
rior  to  the  closed  circular  waveguide  for  frequen¬ 
cies  above  approx.  140  GHz  and  at  powers  in  the 
multi-megawatt  range  (radius  a  must  be  larger). 

QUASI  OPTICAL  BEAM  TRANSMISSION  SYSTEM 

1.  Properties  of  Quasi-Optical  Mirror  Waveguide 

The  propagation  of  Gaussian  beams  has  been  treated 
extensively  [71.  The  maximum  electric  field  strength 
E0  exists  in  the  center  of  the  reference  plane  (beam 
waist  with  radius  wQ).  For  wQ  =  0.1  m  and  E0  =  106 
V/m  we  have  a  peak  power  carrying  capability  of 
PT(peak)  =  42  MW.  The  power  density  on  the  focusing 
metallic  mirrors  is  much  lower,  so  that  reflector 
beam  waveguides  with  very  high  power  carrying  capa¬ 
bility  can  be  set  up.  The  losses  of  a  beam  waveguide 
arise  from  several  contributions: 

(a)  The  finite  size  of  the  reflectors  (effective  ra¬ 
dius  a)  leads  to  ir^vitable  diffraction  losses 
AP/P  >  exp(-2a2/w2)  due  to  truncation  of  the 
beam  (spillover)  and  due  to  the  related  change 
in  the  beam  parameters  (=  0.1  %  per  reflector). 
Properly  treated,  the  diffraction  losses  do  no 
harm  and,  moreover,  provide  mode  filtration. 

(b)  The  ohmic  losses  are  the  same  as  in  the  case  of 
the  HE]]  mitre  bend  (see  the  preceding  chapter) 

(c)  Phase  errors  due  to  the  non-ideal  shape  of  the 
quadratically  corrected  reflectors  and  due  to 
misalignment  of  the  guide  lead  to  conversion  of 
the  TEMqq  mode  into  higher-order  modes,  which 
are  strongly  attenuated  by  diffraction  (  =  0.2  % 
per  reflector) 

The  feasibility  of  reflector  beam  waveguides  for 
millimeter-wave  power  transmission  was  demonstrated 
experimentally  at  140  GHz  [4],  The  measured  total 
transmission  losses  including  the  coupling  losses 
from  HE]  1  waveguide  launchers  are  in  good  agreement 
with  the  theoretical  values. 

2.  Universal  Polarizer 

A  quasi-optical  approach  to  obtain  any  desired  pola¬ 
rization  state  (rotated  linear,  elliptical  or  circu¬ 
lar)  from  the  linear  polarization  of  the  millimeter- 
wave  source  output  coupler  is  the  use  of  a  corru¬ 
gated  surface  reflector  having  fixed  groove  deptu 
combined  with  a  polarization  rotator  [8],  The  rota¬ 
table  device  consists  of  a  smooth  roof-top  mirror 
facing  a  flat  corrugated  surface  (see  Fig.  1).  A 


corrugation  period  of  almost  0.6  X  (with  equal 
groove  and  tooth  width)  and  an  electrical  slot  depth 
of  approximately  0.2  X  is  chosen.  The  structure  has 
wide  band  characteristics  (Af/f  =  10-15  %)• 

CD 


COMPARISON  OF  THE  TWO  OPTIONS 


Both  high-power  transmission  concepts  have  similar 
losses  (0.5  -  0.6  %  per  reflection  section),  they 
simply  perform  bends  to  overcome  obstacles  and  pro¬ 
vide  the  possibility  to  use  specific  mirrors  as 
quasi-optical  hybrid  couplers  (7)  for  on-line  power 
monitoring  purposes.  If  quasi-optical  mode  conver¬ 
ters  are  utilized  as  gyrotron  output  mode  couplers, 
both  approaches  include  a  quasi-optical  feeder  which 
forms  the  Gaussian  beam  (mode  matching  mirrors).  In 
most  cases  both  concepts  will  use  the  quasi-optical 
polarizer  and  quasi-optical  wave  launching  antennas. 
Depending  on  the  particular  accessibility  constrains 
of  the  plasma  experiment,  a  combined  transmission 
system  may  be  realized. 

The  advantages  of  the  tubular  HE]]  waveguide  are: 

-  very  compact  and  flexible  geometry  (mitre  bends) 

-  inherent  RF  shielding 

-  no  need  for  remotely  controlled  alignment  and  ad¬ 
justment 

-  broadband  characteristics 

-  mode  selective  absorbers  are  feasible, 

but  manufacturing  imperfections  may  limit  its  usage 
to  the  1  MW  /  100  to  140  GHz  range. 

The  quasi-optical  reflector  beam  waveguide  exhi¬ 
bits  the  following  advantageous  features: 

-  very  high  power  capability 

-  inherent  mode  filtering  properties  due  to  out- 
scattering  of  unwanted  higher  order  modes 

-  polarizers  and  power  combiners  [9)  are  feasible 

-  no  need  for  special  waveguide  sections  for  compen¬ 
sation  of  thermal  expansion. 

Such  systems  are  ideal  for  multi-megawatt  millimeter 
and  submillimeter-wave  transmission  with  beam  com¬ 
bination.  A  broadband  mirror  waveguide  is  not  very 
easy  to  realize.  The  only  solution  is  to  design  a 
confocal  beam  waveguide  [7]  which  needs  many  more 
mirrors  than  a  quasi-optical  waveguide  with  large 
mirror  distances  (higher  losses  and  costs). 
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ABSTRACT 

A  30  meter  long  circular  corrugated  waveguide  run  (i.d.=6.35  cm)  with 
a  corrugation  period  and  depth  of  250ji  has  been  fabricated.  It  is 
designed  for  low  loss  (<0.01  dB/m)  multimode  operation  over  the 
frequency  range  of  75-575  GHz.  it  will  be  installed  on  TFTR  (Tokamak 
Fusion  Test  Reactor)  for  use  in  electron  cyclotron  emission 
measurements.  Results  will  be  compared  to  those  obtained  using 
conventional  tall  rectangular  C-band  waveguide. 

INTRODUCTION 


Electron  temperature  measurements  from  blackbody  electron 
cyclotron  emission  have  proven  to  be  very  useful  for  understanding 
tokamak  plasmas.  A  critical  component  of  the  instrumentation 
necessary  for  such  measurements,  especially  for  those  instruments 
which  must  be  calibrated  absolutely,  is  the  light  transport  system  which 
brings  the  signal  from  the  plasma  to  the  radiometer.  For  best  results 
this  system  must  match  the  source  to  the  instrument  and  its  detector 
over  the  frequency  range  of  interest. 

The  maximum  power  at  the  detector  is  determined  by  two  effects: 
power  coupled  to  a  waveguide  mode  by  a  blackbody  is  kTe  per  unit 

frequency  and  the  number  pf  modes  (N)  accepted  by  the  detector  is 
N=#  X2.  Here  E  is  the  etendu  of  the  detector,  in  this  case  about 
0.2  cm2/str,  and  X  is  the  wavelength  of  interest.  For  TFTR,  X-1  mm 
(300  GHz),  and  up  to  twenty  modes  could  be  accepted  by  a  properly 
designed  instrument.  The  advantages  of  a  muitimode  low  loss  broadband 
transmission  line  are  clear  for  this  case. 


Rectangular  copper  waveguide  in  the  tall  mode  is  used  at  present  on 
TFTR.  Due  to  mode  filtering  and  mode  conversion  in  the  seven  miter  bends 
in  this  waveguide  run,  it  functions  as  a  single  mode  system.  Hollow 
dielectric  waveguides  are  also  limited  to  single  mode  operation  in  this 
case  as  well(1).  A  lens  relay  system  (2),  while  useful  over  short 
distances,  would  have  prohibitive  losses  for  the  required  30  meter  run. 

A  solution  to  this  problem  was  given  by  Doane  (3),  who  showed 
theoretically  that  corrugated  cylindrical  waveguide  could  function  as  a 
low  loss  multimode  broadband  transmission  line.  For  our  region  of 
interest,  75  GHz<f<575  GHz,  corrugations  with  a  0.01  in  (250)1)  pitch  and 
depth  machined  inside  a  2.5in.  id  cylinder  were  necessary.  This  turned  out 
to  be  a  very  difficult  manufacturing  problem. 


This  work  was  taken  on  as  a  challenge  by  a  creative  machine  shop  with 
state  of  the  art  tooling  (4).  After  some  unexpected  experimentation,  it 
was  decided  to  fabricate  the  waveguide  by  machining  a  screw  thread 
inside  ten  inch  long  sections  of  cylindrical  aluminum  tubing.  Calculations 
by  J.  Doane  indicated  that  this  was  an  excellent  approximation  to  the 
desired  structure,  and  that  effects  such  as  polarization  rotation  would  be 
negligible.  Cost  of  the  waveguide,  including  the  end  flanges,  is  about 
$450/meter,  a  very  reasonable  figure. 


MEASUREMENTS 

Single  mode  insertion  loss  measurements  of  the  new  corrugated 
waveguide  at  60  GHz  and  140  GHz  have  been  completed.  A  gaussian  beam 
(HE11  mode)  from  a  corrugated  horn  was  matched  to  the  waveguide  using 
plano-convex  polyethylene  lenses.  The  source  was  swept  over  1  GHz 
around  60  GHz  and  over  0.5  GHz  around  140  GHz  to  eliminate  standing 
wave  effects.  A  baseline  was  obtained  by  making  measurements  using  two 
10  inch  sections  of  corrugated  waveguide;  sixty  feet  of  corrugated 
waveguide  and  six  miter  bends  were  then  inserted  between  these  two 
sections  and  the  resulting  signal  subtracted  from  the  baseline  to 
determine  the  system  loss. 

Insertion  loss  of  the  corrugated  waveguide  at  60  GHz,  which  is  outside 
the  range  of  good  performance  for  the  waveguide,  was  determined  to  be 
between  0.07  to  0.14  dB/m.  Taking  into  consideration  the  decreased 
conductivity  of  aluminum  at  microwave  frequences  and  the  behavior  of 
wall  currents  in  the  sides  and  bottom  of  the  corrugations,  this  result  is  in 
good  agreement  with  theoretical  expectations  (3). 

At  140  GHz  a  maximum  insertion  loss  of  0.5  dB  for  60  feet  of 
corrugated  waveguide  plus  six  90  degree  miter  bends  was  determined. 

This  is  in  good  agreement  with  calculations. 

Multimode  measurements  using  the  new  waveguide  are  to  be 
undertaken;  results  will  be  reported. 
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ABSTRACT 

A  system  for  launching  53.2-GHz  electron  cyclotron 
heating  (ECH)  power  is  being  installed  on  the  Advanced 
Toroidal  Facility  (ATF)  fusion  experiment  at  Oak  Ridge 
National  Laboratory.  The  launcher  provides  a  narrow 
linearly  polarized  beam.  The  plane  of  polarization  is  easily 
rotated.  Measurements  indicate  that  the  launcher  will 
have  a  -20  dB  beam  width  of  15  cm  at  the  plasma  center 
and  polarization  purity  of  >97%. 

The  ATF  (1)  requires  53.2-GHz  microwave  power  for 
ECH  plasma  ionization  and  heating;  this  power  is 
generated  by  a  200-kW  cw  gyrotron.  Theoretical  ray 
tracing  studies  have  shown  almost  complete  first-pass 
power  absorption  is  possible  if  the  power  is  within  the 
saddle  point  in  the  proper  polarization  (2).  Therefore,  a 
narrow-beam- width  launcher  with  adjustable  polarization 
is  being  developed.  In  ATF  the  confining  magnetic  field 
can  operate  continuously  at  1  T  or  in  long  pulses  at  2  T. 
Either  second  harmonic  or  fundamental  ECH  absorption 
occurs,  depending  on  the  field  strength,  and  it  is  of  interest 
to  operate  experiments  using  both  values.  With 
perpendicular  propagation  and  low-field-side  launch,  the 
ECH  power  must  be  in  the  extraordinary  mode  (X-mode, 
Erf  perpendicular  to  Bo)  for  second  harmonic  (to  =  2  (0ce)  or 
in  the  ordinary  mode  (O-mode,  E,-f  parallel  to  Bo)  for 
fundamental  (co  =  <oCt>)  operation.  The  magnetic  field  in 
ATF  is  formed  primarily  by  helical  windings,  which 
produce  a  shear  in  the  plane  of  the  field  along  a  radial 
chord.  This  shear  may  cause  polarization  rotation  of  the 
ECH  wave  as  it  travels  through  the  outer  plasma  regions 
because  of  the  unequal  0-  and  X-mode  phase  velocities  at 
higher  plasma  density  (similar  to  Faraday  rotation).  The 
ECH  resonance  zone  is  a  10-cm-wide  saddle  point  near  the 
plasma  center. 


LAUNCHER  DESCRIPTION 

Power  is  available  from  a  Varian  gyrotron  oscillator 
in  the  TE02  mode  in  6.35-cm-diam.  waveguide.  A  rippled 
wall  mode  converter  is  used  to  convert  the  TE02  mode  into 
the  TEot  mode.  A  Vlasov  launcher  (3)  converts  the  circular 
electric  mode  to  a  linearly  polarized  beam  as  shown  in 
Fig.  I.  A  parabolic  profile  downtaper  to  3.83  cm  allows  the 
Vlasov  section  to  be  shorter  (45  instead  of  150  cm)  and 
reduces  the  beam  waist  size  for  a  tighter  focus  at  the 


plasma.  The  polarization  angle  can  be  set  to  any 
orientation  by  a  grating  reflector,  which  can  be  rotated 
using  a  vacuum  feedthrough.  Two  designs  for  this  grating 
will  be  tested.  The  first  has  a  pure  Teflon  substrate,  is 
inexpensive  to  build  (using  printed  circuit  techniques),  and 
may  be  adequate  for  long  pulses  at  high  power.  The  second 
design  is  an  all-copper  machined  grating.  The  polarization 
plane  can  be  rotated  under  power  during  a  plasma  shot.  A 
spherical  reflector  focuses  the  beam  from  the  grating 
reflector  to  a  spot  at  the  ECH  resonance  point  in  the  ATF 
vessel.  The  160-cm  curvature  radius  of  this  spherical 
reflector  was  determined  in  the  laboratory  to  give  the 
narrowest  beam  within  the  plane  that  corresponds  to  the 
radial  direction  in  ATF,  where  the  saddle  point  is  narrow. 


*Research  sponsored  by  the  Office  of  Fusion  Energy,  U.S. 
Department  of  Energy,  under  contract  DE-AC05- 
840R21400  with  Martin  Marietta  Energy  Systems,  Inc. 

(1) Lyon,  J.  F.,  etal.,  Fusion  Technol.  10(8),  p.  179  (1986). 

(2) Goldfinger,  R.  C.  and  Batchelor,  D.  B.,  Nucl.  Fusion  27 
(1),  p.  31  (1987). 

(3) Vlasov,  S.  N.  and  Orlova,  I.  M.,  Radio  Physics  and 
Quantum  Electronics  17  (1)  p.  115  (1974). 


RESULTS  AND  CONCLUSIONS 

Laboratory  measurements  indicate  the  launcher 
-20  dB  spot  diameter  is  15  cm  and  that  worst-case 
polarization  rotation  is  97%  as  shown  in  Fig.  2.  This  plot 
was  generated  by  scanning  a  waveguide  detector  at  a 
distance  comparable  to  the  plasma  center  in  two  principal 
planes.  Some  tuning  will  be  attempted  to  narrow  the  beam 
width  by  changing  the  reflector  focal  length.  The  initial 
design  radius  was  determined  using  a  vacuum-deformed 
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Mylar  membrane,  which  may  have  a  slightly  different 
shape  than  spherical.  A  10-cm  beam  width  (-20  dR)  was 
possible  when  the  membrane  deflection  was  optimized.  As 
shown  in  Fig.  2,  the  cross-polarization  power  measured 
with  the  polarization  rotated  90°,  is  less  than  2-3%.  The 
launcher  will  be  installed  during  a  scheduled  shutdown  in 
September  and  it  is  hoped  that  some  preliminary  high- 
power  measurements  can  be  made  soon  after. 

A  plasma  absorption  diagnostic  will  be  fnounted 
opposite  the  launcher  to  measure  the  first-pass  absorption. 
Measurements  of  the  power  and  phase  shift  of  fields  in  two 
planes  will  make  it  possible  to  determine  the  effects  of  the 
magnetic  shear  on  the  wave  polarization  and  absorption 
efficiency  for  different  launch  polarizations. 


SCAN  POSITION  (cm) 

Figure  2 

Measured  launcher  pattern  scan  in  two  planes 
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M.  J.  Buckley,  G.  H.  Luo,  and  R.  J.  Vernon 
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ABSTRACT 

Very  short,  broad  bandwidth  designs  will  be 
discussed  for  varying-radius  mode  transducers  for 
TEq2-TEoi  and  TEq3-T£o2  mode  conversion  in  a 
2.779  cm  diameter  circular  waveguide  at  60  and  140 
GHz  and  for  TE15  2-TE15  1  mode  conversion  in  2.54  cm 
diameter  waveguide  at  14*0  GHz. 


I.  INTRODUCTION 

Gyrotrons  currently  in  use  (and  some  being 
developed)  for  plasma  heating  have  outputs  in 
a  TEon  mode  in  a  highly  overmoded  circular  wave¬ 
guide.  These  modes  are  not  normally  suitable  for 
plasma  heating.  Thus  a  TEgn  mode  output  is  commonly 
converted  to  the  TEy  mode  in  a  smooth-wall  circular 
waveguide  or  to  the  HEn  mode  in  a  corrugated 
circular  waveguide  with  a  system  of  waveguide  mode 
converters.  A  typical  TEon-TEn  waveguide  mode 
converter  system  is  shown  in  Fig.  1  [1]. 

In  this  paper,  we  present  designs  for  mode 
transducers  for  60  GHz  and  140  GHz  gyrotrons.  The 
gyrotron's  output  mode  is  assumed  to  be  in  a  6.35  cm 
diameter  circular  waveguide  which  is  commonly 
tapered  to  a  2.779  cm  diameter.  We  will  present 
designs  for  quasi-periodic  varying-radius  mode 
transducers  to  convert  the  TEgn  mode  into  the 
TEon-i  mode  and  which  in  some  cases  include  part, 
but  not  all,  of  the  taper.  The  aperiodic  mode 
transducers  convert  the  TEon  mode  into  the  T£gn_i 
mode  and  include  all  of  the  6.35  cm  to  2.779  cm 
taper.  Experimental  results  will  be  presented. 

Some  gyrotrons  under  consideration  or  develop¬ 
ment  have  outputs  in  high-order  rotating  TEmi  or 
TEm2  modes.  In  particular,  one  140  GHz  gyrotron 
under  development  has  its  output  in  a  rotating  TEjs ^2 
mode.  A  sequence  of  waveguide  mode  converters  to 
obtain  the  TEn  mode  does  not  appear  to  be  practical 
for  a  gyrotron  with  a  rotating  TE^^  mode  output  so 
a  rotating-mode  type  Vlasov  launche’r  is  planned  for 
use  with  this  tube.  Although  TE^^  Vlasov 
launchers  are  possible,  they  appear  to  ’produce  a 
double-peaked  output  which  would  be  undesirable. 
Thus  we  are  developing  a  TE15  2-TE15  1  waveguide 
mode  converter  for  this  application. 


II.  VARYING-RADIUS  MODE  CONVERTERS 


For  varying-radius  mode  converters,  the  coupled 
mode  equations  for  the  TEgn  modes  can  be  written  in 
the  form  [2] 


where 


dz 


’Vz>An 


q*n 


-iii 
a  dz 


x0nx0q 

(x0n>2-(x0q> 


(1) 


(2) 


♦This  work  was  supported  by  the  U.  S.  Department  of 
Energy. 


Here  An  is  the  complex  amplitude  of  the  TEgn  mode, 
normalized  such  that  |An|2  is  the  power  transported 
in  the  z  direction,  a  =  a(z)  is  the  radius  of  the 
converter  (which  is  a  function  of  z),  xon  ’s  ttie 

nth  zero  of  Jq(x)  excluding  the  one  at  x=0,  and 
yn(z)  =  an+JBn  is  tlie  propagation  constant  of 

the  TE0n  mode  with  Bn  =  8n(z)  =  Vk2-(xgn/a)2  ,  k 

being  the  free  space  wavenumber.  In  the  coupled 
mode  equations,  modes  traveling  in  the  -z  direction 
have  been  neglected.  Backward  traveling  modes,  cal¬ 
culated  by  an  invariant  imbedding  technique  [3], 
have  been  shown  to  be  negligible  in  all  the -cases 
considered  here  except  in  Sec.  IV  which  has  not  been 
checked  yet. 

IIA.  Quasi-Periodic  Varying-Radius  Node  Converters 

For  the  quasi-periodic  varying-radius  mode 
converters,  following  Kovalev  [4],  we  used  a  radial 
variation  of  the  form 

a(z)  =  aj{l+  -^Cl+C1cos(H2(z))][l+cos(H(z))]}  (3) 

where  ei/aj  is  the  relative  perturbation  amplitude, 
Cicos(H2(z))  is  a  small  term  used  to  suppress 
coupling  to  the  TEgn+l  mode,  and  H(z)  is  approxi- 
z 

mately  equal  to  /  [BQn_1(s)  -  Bgn(s)]ds.  For  a 

1-1/2  period  transducer,  the  plus  sign  in  (2)  is 
used  and  0  <  H(z)  <  3n.  For  a  2-period  transducer, 
the  minus  sign  in  (2)  is  used  and  0  £  H(z)  <4*. 

Using  the  method  outlined  in  the  previous 
paragraphs,  we  have  designed  1-1/2  and  2-period  60 
GHz  mode  converters  both  having  a  numerically 
calculated  efficiency  of  99.6%  with  losses  taken 
into  account.  These  shorter  mode  converters  also 
have  90%  conversion  efficiency  bandwidths  which  are 
more  than  twice  that  of  Moeller's  pioneering 
5-period  design  [5].  Preliminary  measurements  have 
been  made  on  the  2-period  converter  in  the  reverse 
direction  using  the  open-end  radiation  pattern 
method  [6].  With  an  approximately  99%  pure  TE01 
mode  input  into  the  TEqi  end,  a  better  than  99% 
pure  TEq2  mode  was  found  at  the  output  (Fig.  2). 
Measurements  taken  with  a  k-spectrometer  support 
thesu  results.  A  single  period  TEq2-TEoi  60  GHz 
mode  converter  with  greater  than  97%  efficiency  has 
also  been  designed,  fabricated,  and  tested. 

IIB.  Aperiodic  Tapered  TE^-TEqj  Mode  Converters 

The  basis  for  the  aperiodic  TEon-TE()i  converter 
designs  can  be  seen  by  examining  Fig.  3.  Figure  3a 
shows  a  taper  and  a  2-cycle  mode  transducer.  Figure 
3b  shows  the  diameter  variation  of  a  conventional 
1-1/2  cycle  device  "unfolded"  with  two  flat  sections 
one-half  beat  wavelength  long  inserted.  The 
aperiodic  device  is  substantially  shorter  than  the 
combined  length  of  the  taper  and  2-period  mode 
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transducer.  Due  to  the  constraint  that  the  taper  go 
from  6.35  cm  to  2.779  cm,  the  ideal  diameter 
variation  of  Fig.  3  was  altered.  Figure  4  shows  the 
diameter  variation  of  a  99.4%  efficient  60  GHz 
TEoz-TEqi  mode  converter-taper  which  is  only  about 
half  the  length  of  the  separate  converter  and  taper 
which  it  replaces.  In  addition  the  combined 

converter-taper  has  a  30%  greater  90%-conversion- 
efficiency  bandwidth.  A  design  for  a  140  GHz 
TE03-TE01  mode  converter-taper  combination  has  also 
been  developed. 

III.  A  VARYING- RADIUS  TEjg  2-TEls  j  M00E  CONVERTER 

A  preliminary  design  for  a  3-period  TE^gj  - 
TEj5  2  mode  converter  has  been  developed.  ’  Its 
leng£h  is  less  than  9  cm.  It  takes  into  account  all 
11  coupled  modes  (TE15J  -  TE15  5  and  TM15J  - 
TM15  5).  It  has  a  computed  efficiency  of  greater 
than’91%  with  losses  taken  into  account.  The  design 
procedure  is  made  more  difficult  by  a  very  strong 
coupling  between  the  TE15  2  and  TE15  3  modes. 
However,  designs  with  higher  conversion  ’efficiency 
should  be  obtainable. 
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Fig.  1.  A  TEgn-HEn  mode  converter  system.  The 
gyrotron  output  mode  could  be  any  TEgn  mode.  For 
a  TEqi  mode  gyrotron  output,  the  first  mode  converter 
(TEon-TEoi)  Is  omitted.  For  a  TEon  gyrotron  output 
with  n  >  2,  the  TEon-TEoi  mode  converter  may  have  two 
or  more  stages.  The  minimum  waveguide  diameter  after 
the  taper  was  chosen  to  1.094".  Larger  minimum 
waveguide  diameters  are  possible. 


Fig.  2.  Low-power  open-end  output  radiation  pattern 
taken  at  a  distance  of  1.6  m  for  the  TEoz-TEqi 
converter  for  a  TEqi  mode  input.  This  pattern 
indicates  about  a  99%  TEq2  mode  output. 


a) 


Straight  sections 


Fig.  3.  (a)  A  downtaper  and  TE02-TE()i  mode 
converter  compared  with  (b)  an  unfolded  periodic 
perturbation  mode  converter  combining  both  of  these 
functions  and  having  a  shorter  length  than  a 
previous  downtaper  alone. 


Fig.  4.  Cross-sectional  view  of  60  GHz  TE02-TEoj 
mode  converter-taper.  The  device  tapers  from  a  2.5n 
diameter  waveguide  to  a  1.094"  diameter  waveguide. 
From  two  mode  considerations,  it  can  be  shown  that 
the  flat  section  must  be  exactly  one-half  of  a  TEq2- 
TE01  beat  wavelength  long.  The  device  has  an 
efficiency  (including  losses)  of  99.4%  and  is 
44.75  cm  long. 
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ABSTRACT 


BASIC  THEORY 


The  far-field  radiation  patterns  from 
three  different  circular  waveguide  antennas 
are  measured  with  an  antenna  pattern-mapping 
system.  The  radiating  ends  of  the  waveguide 
antennas  are  each  cut  at  a  specific  angle 
relative  to  the  center  axis  of  the  waveguide, 
forming  the  waveguide  launcher  component  of  a 
Vlasov-type  mode  convertor.  This  paper 
addresses  the  radiation  patterns  launched 
from  the  waveguide  antennas  as  the  first  step 
in  the  design  of  a  Vlasov-type  mode  convertor 
that  will  function  at  high  power  levels  in 
the  X-band  frequency  range  (8  to  12  GHz) . 


INTRODUCTION 

Many  of  the  high-power  microwave  (HPM) 
sources  in  an  advanced  state  of  development 
(e.g.,  the  relativistic  backward-wave 
oscillator  (BWO) ,  the  magnetron,  and  the 
virtual  cathode  oscillator  (vircator) ) 
generate  power  in  cylindrically  symmetric  TM 
modes.  These  modes  are  not  suitable  for 
directly  driving  antennas  because  of  sidelobe 
generation,  gain  reduction,  and  inefficient 
power  loading  on  the  antenna  aperture.  One 
method  of  optimizing  antenna  performance  in 
conjunction  with  these  HPM  sources  is  the  use 
of  a  Vlasov-type  mode  convertor,  which  is  a 
quasioptical  device  that  converts  circular  TM 
or  TE  modes  to  an  approximation  of  a  plane- 
parallel  linearly  polarized  Gaussian-profile 
beam  [1], 

Three  different  waveguide  antennas  were 
fabricated  as  candidates  for  the  radiator 
component  of  a  Vlasov-type  mode  convertor, 
which  would  ultimately  be  driven  by  a 
circular  TM01  wave  from  an  HPM  source 
operating  in  the  X-band  frequency  range. 
Each  of  these  antennas  consists  of  a  40-cm 
section  of  circular  stainless  steel  pipe 
(inner  diameter  =  4.76  cm)  with  the  radiating 
end  sliced  at  an  angle  a  relative  to  the 
center  axis  of  the  pipe,  resulting  in  an 
elliptical  aperture  (Figure  1) .  This 
aperture  configuration  is  used  because  it 
minimizes  the  length  of  the  aperture 
perimeter  and  thus  the  number  of  sharp  edges, 
which  is  important  at  high  power  levels, 
where  field  intensification  at  sharp  edges 
can  result  in  arcing.  Three  slice  angles 
were  used  in  antenna  fabrication:  a  =  30°, 
45°,  and  60°. 


The  operating  theory  of  a  Vlasov-type 
mode  convertor  is  derived  from  geometrical 
optics  and  is  summarized  in  the  Brillouin 
concept  [2].  According  to  this  theory,  the 
electromagnetic  waves  within  a  circular 
waveguide  can  be  represented  as  a 
superposition  of  plane  waves  whose  wave 

vectors  k  form  the  angle  p  -  sin"1 
[ (A_pmn)/(2*r) ]  with  respect  to  the  center 
axis  of  the  waveguide,  where  Ag  is  the 
waveguide  wavelength,  pmn  is  the  root  of  the 
Bessel  function  equation  Jm(Pn)n)  =  0  (for 
TM—jj  modes) ,  and  r  is  the  inner  waveguide 
radius.  For  the  case  of  a  TMQn  mode  of 
wavelength  Ag  =  4.21  cm  (the  output  of  an 

8.6-GHz  BWO  that  will  be  used  to  test  the 

mode  convertor  at  high  power  levels) ,  the 
propagation  angle  p  =  42°.  Ignoring 

diffraction  effects  due  to  the  edges  of  the 
waveguide,  the  radiating  waves  are  also 
launched  at  the  angle  p  with  respect  to  the 
center  axis.  This  analysis,  however,  was 
originally  designed  for  radiators  with  much 
higher  frequency  output  (>60  GHz) ,  and  thus 
should  only  serve  as  a  guideline  for 
predicting  the  behavior  of  the  waveguide 
aperture  at  X-band  frequencies. 


MEASUREMENTS 

The  radiation  patterns  launched  from  the 
aperture  antennas  were  mapped  in  an  anechoic 
chamber  (in  the  far-field  region)  by  a  setup 
consisting  of  a  multi-axis  pedestal  (upon 
which  the  waveguide  radiators  were  mounted) , 
an  X-band  receiving  horn,  and  a  computerized 
data-acquisition  system.  The  pedestal  can 
rotate  in  both  the  8  and  ^  planes  through  a 
complete  360°.  A  standard  gain  horn  was 
first  used  in  place  of  the  waveguide 
radiators  to  establish  the  0-dB  isotropic 
gain  level.  Then  a  circular  waveguide 
radiator  with  a  straight-cut  aperture  (a  = 
90°)  was  mounted,  along  with  a  TM01  mode 
launcher,  upon  the  multi-axis  pedestal.  This 
measurement  was  to  verify  that  a  TM01  wave 
was  actually  being  launched  into  the 
waveguide  radiators  with  slant-cut  apertures. 
Finally,  each  of  these  radiators,  along  with 
the  TMq^  mode  launcher,  was  separately 
mounted  upon  the  multi-axis  pedestal,  and 
antenna  patterns  were  mapped  (at  8.6  GHz)  for 
each  of  the  three  radiators.  In  addition, 
patterns  were  mapped  from  the  a  =  30° 
radiator  (a)  at  frequencies  of  8.3  and  8.9 
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GHz,  and  (b)  with  dielectric  windows  of 
teflon  and  fiberglass  inserted  into  the 
antenna  apertures  (at  8.6  GHz). 

Figure  2  is  a  profile  of  the  output  (in 
the  0-plane  where  4  =  0°)  from  the  straight- 
cut  aperture  antenna.  If  0  =  <j>  =  0°  is 
defined  to  be  on  the  center  axis  of  the 
waveguide,  then  only  the  radiation  between  0 
=  -90°  and  0  =  +90°  need  be  considered,  since 
it  is  approximately  this  portion  that  is 
launched  into  the  slant-cut  aperture 
radiators  by  the  TMpj^  mode  launcher. 
Ignoring  diffraction  effects,  the  radiation 
pattern  presented  in  Figure  2  represents  a 
reasonably  pure  TMQn  mode.  An  example  of 
typical  measured  patterns  is  shown  in  Figures 
3 (a)  and  3 (b) ,  which  are  the  radiation 
profiles  from  the  a  =  30°  radiator  with  the 
6-mm-thick  fiberglass  window  in  the  aperture, 
swept  in  the  0-plane  at  4  =  0°  and  4>  = 
90°.  The  profile  in  Figure  3(a)  indicates  a 
TM01  mode  output  in  the  symmetric  0-pla  .<t  at 
<f>  «=  0°;  the  two  smaller  peaks  on  either  end 
are  aperture  effects  and  not  higher  modes, 
since  the  next  propagating  circular  mode 
(TM02)  has  a  waveguide  cutoff  frequency  above 
8.6  GHz.  In  Figure  3(b),  the  radiation  is 
partially  collimated  along  an  axis  centered 
on  0  =  35°,  which  is  approximately  equal  to 
the  propagation  angle  p  calculated  above;  the 
difference  is  probably  due  to  the  wavelength 
shift  in  the  transition  from  waveguide  to 
free  space. 


CONCLUSIONS  AND  PLANS 

From  the  data  taken  (which  will,  be 
presented  in  full  in  a  later  paper) ,  it  is 
evident  that  the  a  =  30°  antenna  forms  the 
best  collimated  beam  of  radiation.  There  is 
also  evidence  that  a  properly  configured 
dielectric  lens  mounted  in  the  antenna 
aperture  can  enhance  the  boresight  beam  and 
suppress  sidelobe  gain. 

In  the  next  series  of  measurements,  the 
near  field  regions  of  the  antenna  apertures 
will  be  mapped.  This  is  necessary  to 
determine  the  behavior  of  the  partially 
collimated  beam  in  the  region  where  a 
parabolic  (or  other  special  contour) 
reflector  will  be  placed  to  further  collimate 
and/or  mode-convert  the  radiation.  Taken 
together,  the  waveguide  radiator  and 
reflector  form  a  Vlasov-type  mode  convertor 
that  will  eventually  be  tested  at  high  power 
levels. 
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Figure  1.  Radiator  component  of  a 
Vlasov-type  mode  convertor. 
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Figure  2.  Far-field  radiation 
pattern  from  a  TM01  mode  launcher. 
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Figure  3 .  Far-field  radiation 
patterns  from  a  slant-cut  antenna 
aperture  (  a  =  30°)  with  a 
fiberglass  window  at  (a)  =  0°  and 

(b)  4,  =  90°. 
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Abstract 

A  quasi-optical  converter  for  converting  rotating  whis¬ 
pering  gallery  modes  into  a  linearly  polarized  quasi-Gaussian 
beam  was  designed  and  experimentally  tested.  The  shapes 
of  the  launcher  and  the  reflectors  were  optimized  in  order 
to  increase  the  efficiency. 


Introduction 

The  goal  of  this  work  was  the  design  and  investiga¬ 
tion  of  a  quasi-optical  system  that  would  efficiently  convert 
rotating  whispering  gallery  modes  produced  by  a  step  tun¬ 
able  gyrotron  into  a  quasi-Gaussian  beam.  One  type  of 
converter,  known  as  a  Vlasov  coupler  /  1  /,  is  shown  in 
Fig.  1  and  consist  of  a  helical  cut  waveguide  which  serves 
as  a  launcher  and  a  parabolic  reflector.  The  radiation  field 
of  the  launcher  has  been  measured  and  compared  with  the 
theory.  Encouragingly,  the  experimental  results  agreed  well 
with  the  theory.  To  increase  the  efficiency,  reflectors  have 
been  designed  by  means  of  geometric  optics. 


Radiation  Field  of  the  Launcher 

In  order  to  calculate  the  radiation  field  of  the  launcher, 
two  methods  are  possible:  use  of  the  wall  currents  of  the 
coupler  as  the  source,  or  applying  the  aperture  field  method. 
The  second  method  proved  to  be  more  efficient,  since  the 
problem  could  be  reduced  to  two  dimensions,  if  the  aper-. 
ture  is  chosen  to  be  the  shaded  surface  in  Fig.  2.  Since 
the  radius  of  the  waveguide  is  not  very  large  compared  to 
the  wavelength,  the  radiation  field  had  to  be  calculated  by 
vector  diffraction  theory.  The  formula  used  to  calculate  the 
field  distribution  was  the  Stratton-Chu  formula  /  2  /.  For 
the  far-field  the  FYanz  formula  was  more  convenient  /  2  /. 

Figure  3  shows  plots  of  the  equi-power  lines  of  the  far 
field  of  the  Ej,  component,  which  contributes  mainly  to  the 
radiation  field,  for  the  TE16,2  at  149  GHz  and  a  waveguide 
radius  Ry,  of  17  mm.  It  was  found  that  the  more  oversized 
the  waveguide,  the  higher  becomes  the  ratio  of  the  power 
of  the  Eg  component  to  that  of  the  component.  To 
achieve  a  highly  polarized  beam  and  to  keep  the  converter 
dimensions  to  a  reasonable  size  the  output  waveguide  di¬ 
ameter  should  be  only  big  enough  that  its  wave-impedance 
comes  close  to  that  of  the  free-space  impedance,  which  then 
reduces  the  reflection  back  into  the  waveguide. 


Measurements 

Measurements  were  made  using  the  rotating  whisper¬ 
ing  gallery  modes  generated  by  the  MIT  megawatt  gy¬ 
rotron,  which  produced  600  kW  during  3  fisec.  The  fre¬ 
quency  was  step  tunable  from  126  to  149  GHz,  which  cor¬ 
responds  to  the  TE\2,2  through  the  TE1gl 2  modes. 

A  straight  pipe  was  attached  to  the  window  and  the 
rotatable  launcher  was  attached  behind  it.  The  window 
gap  unfortunately  created  spurious  modes  which  could  be 
observed  by  far  field  scans  or  the  evaluation  of  liquid  crystal 
patterns.  To  keep  the  effect  of  spurious  modes  low  the 
measurements  were  performed  with  the  diode  centered  on 
the  main  lobe  of  the  launcher.  This  was  done  by  placing  the 
diode  at  a  fixed  angle  with  respect  to  the  launcher  axis  and 
rotating  the  converter.  This  angle  is  the  same  as  the  angle 
of  the  main  lobe  in  the  far  field  of  a  circular  waveguide. 

The  circles  in  Fig  4  show  an  azimuthal  scan  of  the  E+ 
component  of  the  TElia  mode,  while  the  solid  lines  show 
the  theoretically  predicted  results.  The  good  agreement 
between  theory  and  experiment  indicated  that  the  assump¬ 
tions  connected  with  the  aperture  field  method  are  valid. 

Because  the  angle  7  the  launcher  has  to  be  cut,  see 
Fig  1,  is  independent  of  the  mode  as  long  as  the  gyrotron 
is  operated  near  cutoff,  the  launcher  is  applicable  for  a  va¬ 
riety  of  modes.  We  have  confirmed  this  experimentally  by 
step  tuning  from  the  TE^2,2  mode  at  126  GHz  through  the 
TEie,2  mode  at  148.6  GHz.  This  means  the  launcher  can 
be  incorporated  into  the  gyrotron  vacuum  system  and  the 
gyrotron  can  still  be  operated  over  a  range  of  frequencies. 


Design  of  the  Reflectors 

As  the  radial  index  of  the  waveguide  mode  increases 
the  RF  field  is  no  longer  concentrated  at  the  waveguide  wall, 
and  the  line  source  assumption  for  TEm\  modes,  which 
leads  to  a  parabolic  reflector,  is  no  longer  valid.  To  design 
a  reflector  for  TEmn  modes,  advantage  was  taken  of  the  fact 
that  rotating  modes  can  be  expanded  in  plane  waves  that 
propagate  at  the  angle7  =  arctan{k\\jkx).  to  the  waveguide 
axis,  where  fc||  and  kj_  are  the  wave  propagation  vectors 
in  the  axial  and  the  perpendicular  direction,  and  form  a 
circular  caustic  at  the  radius  Rc  =  Rw  *  m/X "mp,  where 
Re  is  the  radius  of  the  caustic,  and  Xmp  is  the  pth  zero  of 
the  derivative  of  the  bessel  function  of  the  mtfl  order  /  3  /. 
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By  the  plane  wave  representation,  it  can  be  further  shown 
that  the  phase  varies  linearly  on  the  caustic.  That  part 
of  the  caustic  which  is  bordered  by  the  first  ray  no  longer 
reflected  by  the  waveguide  wall  and  the  last  ray  reflected  by 
the  edge  is  called  the  ’radiating  caustic.’  The  phase  front 
(dashed  line  in  Fig  5),  of  the  radiating  caustic  (solid  line) 
can  now  be  calculated  and  by  meant-  of  geometric  optics  the 
reflector  shape  can  be  designed  such  that  the  output  rays 
are  parallel  lines  which  have  an  approximately  Gaussian 
transverse  distribution. 

Since  the  axial  distribution  of  the  aperture  is  uniform 
with  a  linear  phase  variation,  the  far  field  has  several  max¬ 
ima  in  the  lateral  direction.  The  efficiency  is  reduced  be¬ 
cause  the  energy  in  the  side  lobes  is  lost.  To  increase  the 
efficiency,  a  combination  of  mainly  two  ideas  has  been  inves¬ 
tigated.  The  first  idea  was  to  spread  the  k-vectors  and  the 
aperture  field  distribution  by  slightly  tapering  the  launcher. 
A  reflector  then  has  to  be  designed  such  that  the  transverse 
energy  distribution  comes  close  to  a  Gaussian.  Parameter 
variations  show  that  this  can  be  achieved  by  nonlinear  ta¬ 
pering,  where  tolerances  have  to  be  kept  extremely  narrow. 
To  reduce  the  energy  in  the  remaining  sidelobes  the  beam 
was  spread  out  by  using  two  reflectors. 
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Fig  2:  Launcher  Aperture 
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Fig  3:  Equi-Power  Lines  of  the  Ephi  Component  of  the 
Launcher  (Counter  Levels  -10  dB) 


Fig  4:  Calculated  and  Measured  Dependence  of  the 
Ephi  Component  on  the  Azimuth 


Fig  5:  Radiating  Caustic,  Reflector  (solid  lines)  and 
phase  fronts  (dashed  lines) 
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Abstract 

Plans  for  Electron  Cyclotron  Resonant  Heat¬ 
ing  in  the  Compact  Ignition  Tokamak  call  for  at 
least  10  MW  at  fields  from  7T  to  10T  with  exten¬ 
sion  to  40  MW  possible.  1  MW  CW  Gyrotron 
sources  for  fundamental  heating  are  currently  in 
the  design  phase.  The  transmission  system  must 
accomodate  these  high  powers  in  addition  to  the 
constraints  of  small  space  and  access  in  a  tritium 
environment.  Quasi-optical  and  corrugated  guide 
systems  are  under  consideration,  as  well  as  hybrid 
designs.  A  preliminary  design  is  presented,  and 
options  for  alternatives  are  discussed. 

Introduction 

Auxiliary  heating  will  be  required  as  a  sup¬ 
plement  to  ohmic  heating  for  ignition  experiments 
in  the  Compact  Ignition  Tokamak  (CIT).  Calcula¬ 
tions  show  that  a  minimum  of  10-15  MW  auxil¬ 
iary  heating  (depending  on  the  energy  confinement 
scaling  assumptions)  will  be  required  to  heat  to  ig¬ 
nition  (where  the  alpha  heating  power  is  equal  to 
the  plasma  energy  loss  rate)  with  possibly  30-40 
MW  required.  Baseline  plans  for  CIT  require  10 
MW  of  ion  cyclotron  heating.  Upgrade  plans  for 
increased  ion  cyclotron  heating  power,  and/or  for 
electron  cyclotron  resonance  heating  (ECRH)  re¬ 
quire  up  to  30-40  MW  effective  in  magnetic  fields 
from  7  to  10  T,  with  at  least  10  MW  introduced 
per  35  x  100  cm  port. 

It  has  been  p^posed1  that  an  ECRH  system 
be  developed  for  CIT  based  on  280  GHz,  1  MW, 
CW  gyrotrons2,3.  This  gyrotron  design  incorpo¬ 
rates  a  large  cavity  radius  to  reduce  wall  loading, 
and  high  (m  «  70  -  80)  azimuthal  and  low  (n  4) 
radial  mode  numbers  to  minimize  mode  competi¬ 
tion.  A  helical  Vlasov  launcher4  will  be  used  to 
separate  the  radiation  from  the  electron  beam,  gen¬ 
erating  a  nearly-Gaussian  beam  (linearly  polarized, 
peaked  on  axis).  Frequency  adjustment  over  the  7 
to  10  T  range  may  be  possible  using  step-tuning5. 

This  power  must  be  transmitted  effectively 
from  the  gyrotrons  to  the  tokamak.  Due  to 
neutron  irradiation  considerations,  the  gyrotron 
sources  must  be  located  a  distance  («  17  meters 


lateral  and  «  10  meters  vertical)  from  the  toka¬ 
mak.  The  transmission  line  components  must  be 
compatible  with  operation  in  a  neutron  environ¬ 
ment,  and  serviceable  using  proposed  remote  main¬ 
tenance  equipment.  Frequency  tuning  and  heating 
profile  width  adjustments  are  desirable,  and  may  be 
required  for  effective  heating,  profile  control,  and 
plasma  stability  control. 

Techniques 

Several  transmission  techniques  are  under 
consideration.  These  are:  an  optical  mirror  re¬ 
lay  line  propagating  a  linearly  polarized  gaussian 
beam,  an  overmoded  corrugated  metal  or  hollow 
dielectric  guide  propagating  an  HEn  mode,  and 
an  overmoded  smooth  wall  metal  guide  propagat¬ 
ing  the  circular  TEoi  mode.  Output  coupling  via 
the  quasi-optical  helical  Vlasov  launcher  favors  the 
first  two  approaches.  Hybrid  systems  are  also  pos¬ 
sible,  combining  two  or  more  of  the  above  tech¬ 
niques. 

Corrugated  metal  waveguide  has  been  shown 
to  be  effective6  in  transmitting  millimeter  wave¬ 
lengths  with  low  loss  over  a  long  (f«  10  meter)  path 
including  mitre  bends.  The  low-loss  characteris¬ 
tics  of  corrugated  guide  are  calculated  to  extend 
over  a  suitably  wide  bandwidth  to  apply  to  the 
CIT  tuning  requirements.  The  quasi-Gaussian  ra¬ 
diation  pattern  produced  by  the  Vlasov  launcher 
should  couple  efficiently  into  the  HEn  mode,  how¬ 
ever  further  R&D  efforts  will  be  necessary  to  opti¬ 
mize  this.  The  narrow  divergence  (<  2°  for  3dB 
divergence  of  280  GHz  HEn  mode  in  a  2.5  inch 
guide)  allows  simple  termination  of  the  guide  at  the 
tokamak  port  as  a  launching  antenna.  Other  ad¬ 
vantages  of  corrugated  guide  are  the  compact  size 
of  the  components,  and  the  inherent  self-alignment 
and  beam  enclosure  for  safety.  Disadvantages  in¬ 
clude  the  large  number  of  components  at  the  toka¬ 
mak  port  (where  maintenance  must  be  remotely  ac¬ 
cessible),  and  the  inability  to  change  the  focussing 
of  the  launched  beam. 

A  quasi-optical  propagation  scheme  would 
use  mirror  relay  lines  to  transmit  power  from  the 
gyrotrons  to  the  tokamak.  Since  the  radiation  is 
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ultimately  launched  from  a  final  focussing  mirror, 
the  beam  convergence  at  the  plasma  surface  can  be 
adjusted  for  an  optimum  heating  profile.  The  ma¬ 
jor  difficulty  with  quasi-optical  propagation  is  the 
inherently  larger  system  size,  since  the  required  di¬ 
ameter  of  mirrors  increases  with  mirror  separation 
due  to  diffraction.  For  1  mm  wavelengths  and  an  8 
meter  mirror  to  mirror  separation,  about  six  22  cm 
diameter  mirrors  will  be  necessary  for  each  trans¬ 
mission  line.  Although  possible  for  a  10  MW  sys¬ 
tem,  the  maintenance  and  alignment  requirements 
of  such  a  large  system  become  formidable  at  30-40 
MW. 

We  present  in  figure  1  a  preliminary  design 
for  a  hybrid  transmission  system  with  the  following 
features.  Corrugated  waveguide  will  be  used  be¬ 
tween  the  gyrotrons  and  the  beam-combiner,  (dis¬ 
cussed  below).  This  optimizes  space  utilization 
in  the  gyrotron  room  of  the  CIT  facility,  and  al¬ 
lows  longer  straight  runs  of  waveguide  than  a  quasi- 
optical  system  would  allow.  In  the  basement  be¬ 
low  the  CIT  cell,  we  launch  from  corrugated  guide 
into  a  quasi-optical  relay  mirror  system,  combin¬ 
ing  beams  from  six  gyrotrons  into  a  single  optical 
system.  This  has  the  advantage  of  reducing  the 
number  of  components  in  the  CIT  cell  to  a  single 
large  ellipsoidal  mirror  (plus  cooling  and  alignment 
hardware)  for  each  transmission  line.  A  10  MW 
system  could  be  built  with  two  such  sub-systems 


Figure  1.  Preliminary  design  for  a  hybrid  trans¬ 
mission  system  utilizing  corrugated  waveguide 
transmission  into  a  beam  combining  assembly. 
The  rays  shown  bound  the  3dB  pattern  for  280 
GHz. 


launching  into  a  single  port. 

It  is  important  to  note  that  the  beams  are 
not  truly  combined  in  this  geometry,  they  merely 
share  the  same  optical  elements  over  the  transmis¬ 
sion  path.  It  is  also  assumed  that  all  the  gyrotrons 
combined  in  one  system  will  be  independent  oscil¬ 
lators,  with  frequency  differences  greater  than  the 
characteristic  heating  times  of  the  mirror  surfaces, 
so  that  interference  patterns  will  not  generate  hot 
spots.  Note  that  the  3dB  beams  shown  are  some¬ 
what  filamented  at  the  mirrors,  showing  the  dis¬ 
crete  beam  propagation  paths.  The  20dB  patterns 
at  lower  frequency  fill  the  mirrors  and  overlap  con¬ 
siderably  more.  In  this  preliminary  design,  the 
two  relay  mirrors  are  ellipsoidal,  as  are  the  six  inde¬ 
pendent  collector  mirrors.  A  plane  mirror  is  used 
at  the  focus.  Power  densities  are  kept  below  20 
kW/cm2,  and  99%  efficiency  is  kept  for  /  >  196 
GHz.  (The  ray  tracing  in  this  example  accounts 
only  for  geometric  optics;  once  a  preliminary  de¬ 
sign  is  selected,  the  component  parameters  will  be 
trimmed  using  more  exact  techniques.) 

The  choice  of  transmission  line  technology  for 
the  CIT  ECRH  system  will  ultimately  depend  on  a 
number  of  factors,  including  output  coupler  beam 
quality,  gyrotron  unit  size  (output  power),  required 
total  system  power  (total  number  of  gyrotrons), 
and  requirements  for  launching  flexibility  at  the 
plasma.  We  believe  that  the  above-mentioned 
options  (corrugated  waveguide,  quasi-optical  relay 
line,  hybrid  system,  optical  beam  combiner)  are 
valid  designs  at  this  stage,  warranting  further  in¬ 
vestigation. 
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ABSTRACT 

Preliminary  results  for  an  experimental  and 
theoretical  investigation  of  TEgn  mode  Vlasov 
launchers  which  might  be  used  in  conjunction  with 
some  gyrotrons  will  be  discussed.  We  will  present 
experimental  radiation  patterns  taken  directly  from 
the  half-cylinder  baffle  and  also  from  the  para¬ 
bolic-cylinder  reflector  that  it  feeds.  Variations 
of  the  half-cylinder  baffle  and  orientation  position 
of  the  parabolic  reflector  will  be  considered. 

I.  INTRODUCTION 

Gyrotrons  currently  in  use  for  plasma  heating 
and  some  under  development  have  outputs  in  a  T£gn 
mode.  TEgn  modes  are  not  suitable  for  direct  plasma 
heating  or  launching  from  a  conventional  horn.  Each 
has  a  null  in  its  radiation  pattern  on  the  waveguide 
axis,  an  azimuthally  polarized  radiation  electric 
field,  and  relatively  low  maximum  gain.  Thus  these 
modes  are  commonly  converted  to  the  TE^  mode  in  a 
smooth-wall  circular  waveguide  or  the  HEji  mode  in  a 
corrugated  circular  waveguide  by  a  system  of  mode 
converters.  An  alternative  to  such  a  system  is  a 
TEgn  mode  Vlasov  launcher  [1],  shown  in  Fig.  1. 
Here  the  circular  waveguide  ends  in  a  half-cylinder 
"baffle"  which  directs  the  wave  into  a  collimating 
parabolic-cylinder  reflector.  Such  a  device  can 
launch  a  TEon  mode  directly  into  a  linearly  polar¬ 
ized  beam.  It  can  also  be  used  with  TMg„  modes  such 
as  are  commonly  produced  by  high-power  virtual  - 
cathode  oscillators  and  certain  relativistic  BWO's 
and  magnetrons.  Another  major  goal  of  this  work  is 
to  apply  the  results  obtained  to  TEmj  and  TEffl2 
rotating  mode  type  Vlasov  launchers  which  will  have 
important  application  with  new  gyrotrons  currently 
under  development. 

II.  SIMPLE  THEORETICAL  ANALYSIS 

The  structure  of  the  baffle  may  be  determined 
approximately  from  a  simple  geometrical  picture  of 
cylindrical  waves  reflecting  from  the  inner  guide 
surface.  This  is  an  extension  of  the  concept  of 
decomposition  of  a  mode  in  a  rectangular  waveguide 
into  plane  wave  components.  The  longitudinal  field 
components  in  a  circular  waveguide  are  of  the  form 

Y  =  C  Jn(kp  p)  cos  m$  e"j8z  .  (1) 

Here  C  is  an  amplitude  constant,  Jm  is  the  mth  order 

Bessel  function  of  the  first  kind,  and  82  =  k2  -  k2. 

For  TEmn  modes,  Y  =  Hz  and  kp  =  x^n/i,  while  for  TM^ 

modes,  Y  =  Ez  and  kp  =  xmn/a>  where  x,nn  and  x^n  is 

the  nth  zero  of  J„,  x'„  is  the  nth  zero  of  J' ,  and  a 
m’  mn  m 

is  the  guide  radius. 

Jm  in  Eq.  (1)  can  be  expressed  in  terms  of 
Hankel  functions  of  the  first  and  second  kind, 

♦This  work  supported  by  the  U.S.  Dept,  of  Energy. 


*.=  ■§  CHi1)(kP  p)  +  Hi2)(kp  p)]  cos  e‘J8Z  <2> 


where 


Hi1,2)  = 

m  m 


(3) 


Nm  being  the  Bessel  function  of  the  second  kind. 

For  ejut  time  dependence,  and  may  be 

considered  as  incoming  and  outgoing  cylindrical 
waves  respectively.  In  a  simple  geometric  picture, 
these  waves  can  be  represented  by  rays  making  an 

angle  with  the  guide  axis  given  approximately  by 
c  =  sin_1(kp/k)  and  reflecting  multiply  from  the 
waveguide  walls.  This  expression  for  a  becomes  more 
accurate  for  larger  p,  near  the  waveguide  wall. 

From  this  simplistic  bouncing  ray  picture,  we 
see  that  if  we  cut  a  half  cylinder  with  a  length  of 
approximately  z  =  2a/tan  a  from  the  end  of  the  wave¬ 
guide,  all  the  rays  will  exit  from  the  cut  at  the 
angle  a  to  the  waveguide  axis  over  the  range  of  $ 
for  which  the  guide  wall  has  been  removed.  If  a 
parabolic-cylinder  reflector  is  placed  with  its 
focal  line  along  the  guide  axis,  the  emerging  wave 
will  be  redirected  and  collimated  into  a  linearly 
polarized  beam.  Of  course,  the  simple  geometrical 

picture  is  inaccurate  and  needs  refinement.  Our 
next  step  in  this  refinement  was  determining  the 
fields  radiated  from  the  baffle  and  waveguide  using 
equivalent  waveguide  wall  currents  for  -z  <  z  <  z 
and  7i/2  <  $  <  3n/2.  The  unperturbed  waveguide 
fields  were  used  to  obtain  the  first  approximation 

to  these  currents.  Using  the  coordinate  system 
shown  in  Fig.  2  for  a  TEon  mode,  we  write 

e-jkR 

^  =  ffs'  Js  "¥F  ds<  ^ 


.  a  CJ°(.X0n)  fl  e-j»z 
♦  557  >  e 


3n/2 

/  e 


-jkR 


ad<f>'dz' 


*/ 2 


(5) 


In  the  far  field,  this  can  be  solved  for  $=0  giving 


A. (4=0)  » 


ClVx0n)  a-jkr  ^  sin[(kcose-6)z] 


4nr 


L(kcos0-8)tJ 


•  tt[Jg(kasin0)  -  jHg(kasino)]  (6) 
where  Hg(x)  is  a  Struve  function  and 


III.  MEASUREMENTS 

Measurements  were  made  for  a  TEqi  mode  in  a 
2.779  cm  diameter  waveguide  operated  at  60  GHz. 
Figure  3  shows  a  measured  near-field  radiation 
pattern  from  the  baffle  in  the  plane  $  =  0,  and  so 
can  be  compared  to  the  electric  field  obtained  from 
Eq.  (6),  also  shown  in  Fig.  3.  A  TEqi  launcher  was 
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also  constructed  using  a  parabolic  cylinder  of  focal 
length  p  =  2.54  cm.  This  value  was  chosen  to  make 
the  main  beam  8  and  4  beamwidths  as  nearly  equal  as 
possible.  Experimental  results  show  that  the  full  10 
dB  beamwidths  are  A8  =  7.36°  and  A$  =  7.2°.  Figure 
4  is  a  near-field  measurement  of  radiated  from 
the  launcher  (Fig.  la)  for  4  =  *.  v 

Measurements  were  made  for  several  values  of 
reflector  polar  tilt  angle,  0,  the  angle  between  the 
focal  line  and  the  guide  axis  in  an  experimental 
investigation  of  beam  stearing.  The  shape  of  the 
radiation  pattern  changed  little  from  Fig.  4.  How¬ 
ever,  the  peak  level  and  beamwidth  did  change  some¬ 
what,  as  well  as  did  the  position  of  the  maximum  as 
shown  in  Fig.  5. 
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Fig.  3.  Comparison  of  the  theoretical  and  measured 
near-field  radiation  pattern  from  the  half-cylinder 
baffle.  The  theoretical  calculation  uses  the  origin 
0  from  Fig.  2  and  the  experimental  results  use  the 
origin  O'  from  Fig.  2. 


Fig.  4.  Measured  near-field  radiation  pattern  of 
the  TEqi  Vlasov  launcher.  The  origin  0  from  Fig.  2 
Is  used. 


Fig.  1.  a)  TEgn  or  TMon  Vlasov  launcher  showing 
the  half-cylinder  baffle  and  parabolic-cylinder 
reflector,  b)  and  c)  Cross  sectional  views  of  a) 
showing  geometrical  ray  directions. 


-6  0  4 


Fig.  5.  The  location  of  the  maximum  of  |E|  vs  n 
showing  the  beam  stearability.  The  origin  0  Is 
used,  n  Is  the  polar  tilt  angle  of  the  reflector. 


Fig.  2.  Side  view  of  the  half-cylinder  baffle  with 
the  coordinate  system  used. 
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ABSTRACT 

Operation  of  a  ubitron/FEL  amplifier  is  reported.  The 
experiment  has  been  operated  using  the  fundamental  wiggler 
harmonic  interaction  with  the  TEn  circular  waveguide  mode.  Small 
signal  gains  as  high  as  12dB  have  been  observed  at  a  voltage  15% 
below  design  level  with  a  minimum  instantaneous  bandwidth 
exceeding  25%.  A  gain  per  free-space  wavelength  approaching 
0.9dB/X  has  been  achieved.  Experimental  results  are  compared  with 
small  signal  calculations  and  future  plans  are  discussed. 

INTRODUCTION 

The  Naval  Research  Laboratory  has  instituted  a  program  to 
investigate  the  ubitron/FEL  interaction  (l]-[3]  as  the  basis  for  a  new 
class  of  high-power,  broadband  micro-  and  millimeter-wave 
amplifiers.  Attractive  features  of  the  ubitron  include  high  power 
(due  to  the  fast-wave  nature  of  the  interaction),  high  gain, 
relatively  broad  instantaneous  bandwidth,  high  frequency  operation, 
and  compatibility  with  space-charge  limited,  laminar-flow  electron 
gun  configurations.  The  NRL  program  consists  of  both  theoretical  and 
experimental  efforts  to  explore  ubitron  performance  and  identify 
critical  technology  issues.  The  performance  goals  for  the  amplifier 
are  30dB  large  signal  gain  (2-3dBA),  saturated  instantaneous 
bandwidth  £  20%  and  an  efficiency  £  15%  (without  enhancement 
techniques).  These  values  are  considered  sufficient  to  demonstrate  the 
potential  of  the  ubitron  as  a  practical  alternative  for  high-power, 
high-frequency  RF  generation. 

KU-BAND  UBITRON  AMPLIFIER 

The  experimental  configuration  consists  of  a  modified  SLAC 
klystron  electron  gun,  injected-current  monitor,  modified  turnstile  RF 
input  coupler,  double  tapered  bifilar  helix  wiggler  and  solenoid 
magnets,  transmitted-current  monitor,  RF  output  monitors  and  a  water 
calorimeter/load.  Details  of  component  designs  and  performance 
have  been  reported  elsewhere,  see  [4]-[5J.  Operation  in  Ku-band  as  a 
single  stage  amplifier  was  chosen  because  of  equipment  and 
diagnostic  availability,  and  reduced  constraints  on  beam  quality  and 
fabrication  tolerances. 

Several  modifications  have  recently  been  made  to  the 
experiment  to  correct  problems  and  improve  performance.  A  modified 
solenoid  pole  piece  has  resulted  in  up  to  two  orders  of  magnitude 
reduction  in  the  beam  axial  velocity  spread  (0.26%  £  Avz/vz  £  0.023% 
depending  on  trim  coil  setting).The  wiggler  has  been  rewound  to 
repair  damage  resulting  from  a  coolant  flow  failure.  Although  the 
present  wiggler  differs  in  several  minor  geometrical  respects  from  the 
old  (round  instead  of  rectangular  wire,  new  end  pieces,  etc.),  a 
reduction  in  the  number  of  turns  has  resulted  in  a  significantly  reduced 
wiggler  strength  (gauss  per  ampere).  This  has  necessitated  a  shift 
from  dc  to  pulsed  wiggler  operation. 

The  present  (and  design)  operating  parameters  for  the 
experiment  are  given  in  Table  I.  The  modulator  voltage  and 
repetition  rate  are  tunable  over  a  wide  range,  but  the  pulse  width  is 
fixed.  Beam  current  is  tunable  from  a  few  amperes  to  »30  amperes  by 
adjustment  of  a  trim  coil  located  over  the  cathode.  The  wiggler  has 
adiabatic  entrance  and  exit  profiles  and  is  driven  by  a  pulsed  current 
supply  at  the  modulator  frequency.  The  solenoid  is  operated  dc  with 
a  flat  field  profile  for  all  results  reported  here.  The  frequency  range 
of  the  experiment  is  presently  limited  by  the  RF  driver  amplifier  on 
the  low  side  and  RF  input  coupler  fall-off  on  the  high  side. 


*  Mission  Research  Corporation,  Newington,  VA  22122 
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In  order  to  achieve  high  gain,  efficiency  and  bandwidth 
simultaneously,  operating  parameters  have  been  chosen  to  produce  a 
grazing  intersection  of  the  wiggler-shifted  negative  energy  space- 
charge  wave  with  the  TEu  circular  waveguide  mode.  Figure  1  shows 
the  curves  for  one  set  of  parameters  for  the  ubitron  and  for  the  first 
two  gyrotron  harmonics.  Note  that  a  broad  intersection  is  achieved 
for  the  ubitron  line  and  that  possible  gyrotron  interactions  are  well 
separated  and  would  be  identifiable  by  both  frequency  and  mode. 
Operation  near  grazing  intersection  should  have  a  beneficial  effect  on 
issues  such  as  phase  sensitivity  to  voltage  and  wiggler  variations. 

Figure  2  shows  typical  voltage  and  RF  monitor  traces.  Two  traces 
are  shown  for  the  RF,  the  transmitted  RF-driver  signal  without  the 
wiggler  (lower)  and  an  amplified  signal  with  wiggler  turned  on.  The 
width  of  the  RF  driver  pulse  and  the  overlap  with  the  voltage  pulse 
can  be  adjusted  as  desired.  Although  the  portion  of  the  RF  driver 
pulse  before  the  voltage  flat  top  could  be  used  to  determine  gain,  this 
does  not  account  for  several  factors  such  as  beam  loading  of  the  input 
coupler  (see  Fig.  2).  Hence,  gain  is  determined  from  the  output  power 
measured  with  the  wiggler  turned  off  and  the  output  power  measured 
with  the  wiggler  turned  on,  all  other  factors  being  held  constant. 
Both  a  digital  oscilloscope  and  a  peak  power  meter  are  used  for  these 
measurements.  Other  factors  monitored  on  each  pulse  are  diode 
current,  injected  current,  transmitted  current,  wiggler  current  and 
calorimeter  temperature. 

RF  performance  has  been  observed  as  a  function  of  input  signal 
polarization,  RF-drive  power,  wiggler  field,  injected  current  and 
frequency.  One  of  the  unique  features  of  this  experiment  is  a  flexible 
input  coupling  scheme  providing  the  ability  to  launch  circularly  and 
linearly  polarized  waves,  as  well  as  selected  waveguide  modes.  The 
RF  results  presented  below  were  measured  using  a  left  circularly 
polarized  input  wave.  As  predicted  by  theory,  very  little  or  no  gain 
was  observed  using  right  circular  polarization.  Theory  also  indicates 
that  the  combination  cf  a  helical  wiggler  field  and  a  circularly 
polarized  wave  will  yielo  the  highest  gain  for  a  given  input  power 
and  wiggle  velocity. 

All  measurements  are  in  the  small  signal  range,  and  the  power 
out  is  directly  proportional  to  power  in.  In  the  collective  mode  of 
operation,  the  gain  is  proportional  to  a,  the  ratio  of  vi/vi  t,  which  is 
approximately  linearly  proportional  to  the  wiggler  field. 
Measurements  of  gain  versus  wiggler  field  show  this  type  of  linear 
behavior  initially,  but  then  the  gain  rolls  over  and  begins  to  drop 
with  increasing  wiggler  field  as  the  ubitron  line  decouples  from  the 
waveguide  mode. 

In  the  collective  mode,  gain  is  proportional  to  the  square  root  of 
the  injected  current.  The  measured  gain  is  appears  to  be  consistent 
with  this  dependence,  but  the  range  of  currents  tested  is  not  sufficient 
to  discriminate  between  a  I,/z  (collective)  or  12/3  (strong-pump) 
dependence. 

The  measured  gain  versus  frequency  is  shown  in  Figure  3  (dots) 
along  with  a  small  signal  calculation  (curve)[6).  The  measured  values 
show  a  double-peak  profile  over  the  13,5-17.2GHz  band  with  a  peak 
gain  of  12.2dB  at  13.5GHz.  Assuming  that  gain  occurs  mainly  over  the 
12  uniform  periods  in  the  wiggler,  this  translates  into  »0.9dB  per  free 
space  wavelength.  This  value,  achieved  at  less  than  optimum 
operational  parameters,  is  an  improvement  over  the  0.5-0.7dB  per 
free  space  wavelength  achieved  in  Phillips'  experiments  [1J-13). 
Small  signal  calculations  use  the  measured  experimental  parameters, 
with  the  exception  of  beam  current,  which  is  reduced  to  10  A  in  order 
to  match  the  experimental  gain  profile.  This  reduction  is  necessary 
due  to  the  thin-beam  approximation  used  in  the  gain  equations  which 
results  in  a  beam  plasma  frequency  substantially  higher  than  actual, 
by  approximately  a  factor  of  six  in  this  case  (7J.  The  higher  plasma 
frequency  in  the  calculations  causes  the  dispersion  curves  to  decouple 
at  low  current  values.  If  the  calculated  gain  is  multiplied  by  the 
square  root  of  the  current  ratio  (30A/10A)  a  peak  small  signal  gain  of 
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=17dB  is  obtained  for  12  wiggler  periods.  When  launching  losses  are 
taken  into  account  this  is  in  reasonable  agreement  with 
measurements. 


CONCLUSIONS 

Amplifier  operation  of  the  NRL  ubitron  experiment  has  been 
achieved  with  a  peak  gain  of  12.2dB  and  a  bandwidth  exceeding 
25%.  The  interaction  has  been  identified  by  frequency,  waveguide 
mode  and  amplification  characteristics  to  be  a  fundamental  wiggler 
harmonic  ubitron/FHL  interaction  with  the  TEn  waveguide  mode. 
Reasonable  agreement  has  been  obtained  between  measurements  and 
theory  concerning  gain,  bandwidth  and  general  performance 
characteristics.  In  particular,  higher  values  of  gain  per  free-space 
wavelength  have  been  achieved  due  to  the  combination  of  helical 
wiggler  and  circularly  polarized  waveguide  mode.  These  growth 
rates  are  especially  impressive  given  the  low  value  of  beam  a,  =0.16. 
Gain  per  free-space  wavelength  is  an  important  parameter  to 
optimize  for  future  ubitron  applications. 

Immediate  plans  include  improvements  in  the  small  signal 
calculations  to  correct  the  handling  of  space  charge  and  nonlinear 
calculations  for  both  present  and  design  experimental  parameters. 
Additional  measurements  such  as  calorimetric  efficiency, 
enhancement  by  axial  field  tapering  and  phase  sensitivity  are  also 
planned.  Operation  of  the  experiment  at  the  design  voltage  will 
begin  shortly. 
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Drs.  A.  K.  Ganguly  and  H.  P.  Freund.  This  work  was  supported  by  tl  s 
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Table  I 

Ubitron  Experimental  Parameters 


Voltage  (kV) 

Current  (A) 

Beam  Radius  (cm) 
Pulse  Length  (pSec) 
Repetition  Rate  (Hz) 
Wiggler: 

Period  (cm) 
Entrance  (periods) 
Uniform  (periods) 
Exit  (periods) 
Field  (gauss) 
Solenoid  (kilogauss) 
Frequency  (GHz) 


Present 

Desipn 

190-216 

250 

1 

1 

2.54 

2.54 

5 

5 

12 

12 

3 

3 

270 

2.5 

1-3.2 

13.5-17.2 

12.4-18 

Figure  1 

Uncoupled  dispersion  curves  for  operation  at  216kV,  2.5kG 
solenoid  field,  30A  beam  current  and  270G  wiggler  field 
(vj./vi  i=0.16). 


Figure  2 

Example  of  typical  RF  data  with  and  without  the  wiggler 
field.  Scales  are  1  pSec/div  and  70.9kV/div  for  beam  voltage. 


Figure  3 

Comparison  of  calculated  (curve)  and  observed  (dots)  small 
signal  gain.  The  calculated  values  are  based  on  the  equations 
in  [4]  and  are  given  in  dB  per  wiggler  period.  Note  that  the 
measurements  are  for  a  beam  current  of  30A  and  the 
theoretical  values  are  for  10A  (sec  discussion  in  text.) 


Measured  Gain  (dB) 
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ABSTRACT 

INTRODUCTION 

The  Planar  Orotron  has  traditionally  consisted  of  a 
uniform,  rectangular  metal  grating  opposed  by  a  planar  conductor 
(Fig.  la).  Unbounded  at  the  sides,  this  open  resonator  supports 
travelling  waves  with  frequencies  which  are  determined  by  the 
grating  dimensions.  The  dispersion  and  gain  characteristics  for 
this  device  have  been  documented  theoretically  and  experimentally 
in  the  low  beam  voltage  (5  -  20  kV)  regime,1  where  powers  of  up 
to  2  kW  and  efficiencies  of  a  few  percent  at  35  GHz  have  been 
recorded.  In  the  frequency  range  of  150  to  175  GHz ,  output 
powers  are  typically  less  than  1 W,  and  efficiencies  less  than 
0.5%.  Attempts  to  improve  ihe  output  power  and  efficiency  by 
modifying  the  resonator  design  are  currently  underway  in  the  30  - 
40  GHz  range,  tsi  7  the  new  designs  are  the  following,  which 
appear  in  Figures  1  *.  .2: 

1)  A  uniform  grating  is  opposed  by  an  identical  uniform 
grating,  with  a  symmetric  orientation  in  the  resonator.  (Fig.  lb) 

2)  A  uniform  grating  is  opposed  by  an  identical  uniform 
grating,  with  an  antisymmetric  orientation  in  the  resonator.  (Fig. 
lc) 

3)  The  uniform  grating  is  replaced  by  a  grating  with  a 
slight  taper  (<  10%)  and  opposed  by  a  conducting  plane.  (Fig. 

2a) 

4)  The  tapered  grating  is  opposed  by  an  identical  tapered 
grating  with  a  symmetric  orientation  in  the  resonator.  (Fig.  2b) 

The  grating  and  resonator  parameters  of  interest  are  shown  in  the 
Figures.  They  are  the  period,  l  ,  and  the  ratios  of  groove  depth 
to  grating  period, d// ,  groove  width  to  grating  period,  j//  ,and 
the  rauo  of  inner  resonator  height  to  grating  period,  (b’d)//  .  In 
Fig.  2,  the  groove  depth,  d,  and  the  distance  from  the  base  of  the 
slot  to  the  surface  of  the  opposing  component,  b,  are  both 
functions  of  the  axial  position,  z. 

THEORY 

The  theory  outlined  in  Reference  1  has  been  modified  to 
accomodate  the  new  uniform  grating  resonators.  For  the 
traditional  planar  orotron,  the  simplest  dispersion  relation  results 
from  the  assumption  of  TM  modes  in  the  resonator.  Thez- 
component  of  the  electric  field  to  which  the  beam  couples  has  a 
sinh  dependence  normal  to  the  grating  surface  as  is  shown  in  Fig. 
la.  When  the  grating  is  symmetrically  opposed  by  a  uniform 
grating,  the  Ez  field  may  be  either  antisymmetric  or  symmetric  in 
the  resonator,  described  by  a  sinh  or  a  cosh  function,  respectively, 
as  is  shown  in  Fig.  lb.  In  the  antisymmetric  resonator,  the  fields 
are  described  by  a  linear  combination  of  sinh  and  cosh  functions. 
As  a  result  of  these  modifications,  the  tuning  curves  for  the 
antisymmetric  mode  in  the  symmetric  resonator  are  virtually 
unchanged  from  those  of  the  traditional  planar  orotron,  while 


those  of  the  symmetric  mode  in  the  symmetric  resonator  differ  in 
that  low  frequency  cut-offs  occur.  For  the  antisymmetric 
resonator  with  a  given  grating  design,  considerably  higher 
frequencies  are  predicted  than  those  for  the  traditional  model. 

The  gain  may  be  found  in  the  usual  manner,  in  terms  of  the 
inverse  quality  factor  of  the  beam: 


where  ^/dt  is  the  energy  given  up  by  the  beam  to  the  z- 
component  of  the  field,  and  ex  is  the  total  energy  stored  in  the 
resonator.  The  frequency  of  the  mode  is  given  by  O).  Thus  for 
modified  forms  of  ihe  fields  inside  the  various  resonators,  the  gain 
and  subsequently  the  start  current  may  be  calculated. 

For  the  tapered  grating  resonators,  a  corrected  expression 
for  the  dispersion  has  yet  to  be  developed,  but  progress  has  been 
made  on  a  technique  for  optimizing  the  gain.  In  this  model, 
particles  move  in  the  frame  of  a  wave  which  has  a  changing 
wavelength,  and  the  resulting  change  in  the  particle  energy  may 
be  found.  Phase  space  and  gain  surface  plots  are  then  used  to 
compare  gratings  of  various  tapers,  to  determine  which  taper 
yields  the  maximum  decrease  in  particle  energy,  or  increase  in 
field  energy,  for  a  given  beam. 

EXPERIMENTAL  RESULTS 

To  date,  a  number  of  resonator  designs  have  been  tested 
and  compared  in  the  low  voltage  (5  -  20  kV)  regime.  All  have 
used  a  grating  design  with  /  =  0.155  cm,  d//  =  1.0, s//  =  0.5, 
and  (o'd)// ,  =  2.3.  In  the  traditional  planar  orotron  design,  this 
grating  produces  frequencies  of  30  -  40  GHz  in  the  5  -  20  kV 
regime.  The  gratings  are  2  cm  wide,  and  15  cm  long.  For  the 
tapered  gratings,  the  d//  value  is  1.0  at  the  beam  entry  end,  and 
reduces  by  the  taper  percentage  at  the  beam  exit  end.  To  make 
comparisons  between  the  resonators,  frequency,  start  current,  and 
power  and  efficiency  have  been  systematically  measured,  and 
compared  with  theory  whenever  possible.  It  should  also  be  noted 
that  the  machine  alignment,  unaltered  during  the  comparisons,  is 
not  necessarily  optimized  for  maximum  output  power.  Frequency 
data  is  compared  to  tuning  curves  resulting  from  the  primary  and 
one  or  two  upper  branches  of  the  dispersion  relations  for  each 
case.  In  Fig".  3,  for  example,  data  from  a  single-sided,  8% 
tapered  grating  resonator  is  displayed  against  the  standard  theory. 
The  discrepancy  shown  is  typical  of  all  of  the  resonator  designs 
studied,  and  may  be  due  to  the  fact  that  the  theory  assumes  the 
gratings  to  be  infinitely  wide,  an  inaccurate  assumption  for  the 
wavelength  range  in  question.  While  in  some  cases  the  data 
suggest  that  coupling  is  to  one  of  the  upper  branches,  this  does  not 
appear  to  be  the  case  for  the  tapered  design  of  Fig.  3. 

Data  for  power  and  efficiency  as  functions  of  guide  current 
are  the  best  yardstick  for  comparing  the  various  resonator  designs. 
For  the  range  of  0-1.4  A,  for  example,  the  double-sided  8% 


tapered  design  produces  powers  of  up  to  315  W  and  efficiencies 
of  up  to  3%,  compared  to  the  single  sided  8%  taper ed  design 
which  produces  powers  of  up  to  180  W  and  efficiencies  of  up  to 
1.7%.  The  symmetric  and  antisymmetric  designs  are  the  next 
best  performers,  followed  by  the  traditional  design  which 
produces  powers  of  up  to  70  W  and  efficiencies  of  up  to  0.2%. 
Tapers  in  excess  of  10%  do  not  perform  as  well  as  those  which 
are  less  than  10%. 

Other  results  which  will  be  covered  include  start  current 
data  and  comparisons  with  theory,  and  high  voltage  (<  150  kV) 
behavior,  which  is  currently  under  study.  In  addition,  the  most 
promising  designs  are  to  be  tested  using  high  frequency  gratings, 
and  these  results  will  also  be  discussed. 
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ABSTRACT 

A  fully  relativistic  theory  of  axial  injection  orbitron 
maser  (AXIOM)  oscillators  has  been  completed.  The 
theory  models  the  interaction  of  axially  injected  elec¬ 
trons  in  helical  trajectories  with  the  fields  of  a  coaxial 
cavity  resonator.  The  theory  treats  TE  or  TM  modes 
with  sinusoidal  axial  field  profiles.  The  power  trans¬ 
ferred  from  the  electron  beam  to  the  cavity  fields  is 
calculated  in  terms  of  a  general  distribution  function 
and  the  cavity  parameters.  A  cold  beam  distribution 
function  is  used  to  evaluate  the  theory.  The  results  of 
the  theory  are  presented  in  terms  of  the  threshold 
value  of  the  cavity  Q  times  the  electron  beam  current 
Ib«,  required  for  self-oscillation. 

INTRODUCTION 

The  development  of  fast-wave  devices,  principally 
the  Electron  Cyclotron  Maser  (ECM)  or  gyrotron  has 
made  possible  the  efficient  generation  of  high  power 
millimeter  wavelength  electromagnetic  waves.  One 
drawback  to  these  devices  with  respect  to  size,  weight, 
and  cost  is  that  they  require  large  magnetic  fields. 
Thus,  there  is  current  interest  in  developing  a  high 
power  millimeter  wave  source  that  does  not  require 
the  use  of  a  large  magnetic  field.  The  device  that  we 
are  studying  is  called  the  Axial  Injection  Orbitron 
Maser  or  AXIOM  [1,2],  and  is  a  combination  of  the 
basic  orbitron  maser  concept  [3]  and  the  standard 
ECM  configuration,  A  conceptual  design  of  an  AXIOM 
oscillator  is  shown  in  Figure  1.  The  interaction  region 
of  an  AXIOM  employs  a  coaxial  cylindrical  geometry 
with  the  inner  conductor  held  at  a  positive  potential 
with  respect  to  the  outer  conductor.  Electrons  are 
radially  confined  by  the  positive  potential  of  the  inner 
conductor  and  can  travel  around  it  in  circular  orbits  or 
in  noncircular,  low  angular  momentum  orbits. 


We  believe  that  a  high  frequency,  high  efficiency 
maser  that  operates  at  high  power  levels  can  be 
realized  by  using  the  AXIOM  concept.  Electrons  would 
be  injected  with  a  large  value  of  axial  momentum  in  a 
region  with  a  low  radial  electric  field.  The  electrons 
would  then  be  adiabatically  compressed  into  the  inter¬ 
action  region  where  the  radial  electric  field  is  large. 
The  adiabatic  compression  process  has  the  advantage 
that  it  increases  the  electron  density  as  well  as  the 
ratio  of  their  perpendicular  to  parallel  energy.  The 
electrons  would  not  be  axially  trapped  in  the  interac¬ 
tion  region  as  in  the  early  orbitron  experiments,  but 
would  rapidly  transit  the  interaction  region  where 
they  would  resonantly  transfer  their  energy  to  the 
radiation  fields.  This  injection  scheme  is  very  similar 
to  the  one  used  in  most  ECM  devices  which  have  been 
shown  to  operate  at  high  powers  with  high  efficiencies. 
The  AXIOM  would  also  operate  in  ultra-high  vacuum, 
as  is  the  case  with  most  ECM  devices.  Most  impor¬ 
tantly,  axial  injection  allows  one  to  maximize  the 
efficiency  of  the  maser  interaction  by  providing  a 
means  to  produce  an  electron  beam  whose  distribution 
function  is  optimized  for  the  power  level  requirements 
of  the  device.  It  also  provides  a  means  of  optimally 
positioning  the  electron  beam  to  interact  with  a  given 
waveguide  or  cavity  mode. 

LINEAR  THEORY 

The  circular  orbit  linear  theory  of  AXIOM  oscilla¬ 
tors  assumes  a  TE  or  TM  mode  with  a  sinusoidal  axial 
field  profile  is  present  in  the  cavity.  The  perturbed 
beam  current  density  due  to  these  fields  is  computed 
by  integrating  the  linearized  Vlasov  equation  over 
unperturbed  orbits.  This  integration  is  particularly 
simple  due  to  the  symmetry  of  the  circular  orbits  and 
is  valid  for  any  electron  energy.  The  perturbed  beam 
current  is  then  used  to  calculate  the  power  transferred 
from  the  electron  beam  to  the  cavity  fields  as  a 
function  of  the  beam  and  cavity  parameters.  The 
beam  current  required  for  the  cavity  to  self-oscillate 
can  then  be  obtained  from  the  definition  of  the  cavity 
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Q  and  the  requirement  that  the  power  transferred 
from  the  electron  beam  to  the  cavity  fields  has  to  be 
greater  than  the  power  lost  from  the  cavity  due  to 
diffractive  and  dissipative  losses. 

RESULTS 

We  use  a  cold  beam  distribution  function  to  evalu¬ 
ate  the  theory  in  which  the  electrons  are  all  assumed 
to  have  the  same  radius  from  the  inner  conductor  and 
the  same  ratio  of  perpendicular  to  parallel  velocity. 
This  has  the  advantage  that  is  allows  for  simple 
evaluation  of  the  theory  and  yields  results  that  are 
easily  interpretable. 

We  compute  the  beam  current  required  for  the 
cavity  to  self-oscillate  versus  the  voltage  on  the  inner 
conductor  for  various  modes  to  investigate  the  mode 
competition  problems  associated  with  a  given  cavity 
design.  The  threshold  current  for  self-oscillation  can 
also  be  plotted  as  a  function  of  electron  beam  radius  to 
find  the  beam  position  required  to  maximize  or  mini¬ 
mize  the  interaction  with  a  given  mode. 
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Figure  1 

Conceptual  Design  of  an  AXIOM  Oscillator 
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Abstract 

We  have  designed,  built  and  tested 
several  steady-state  Orbitron  MASERs,  which 
have  the  unique  property  of  having  multiple 
anode  wires.  We  have  found  that  the 
multiwire  structure  increased  the  output 
power,  efficiency,  and  reduced  the  heat 
loading  of  individual  anode  wires.  We  have 
also  experimented  with  these  devices  in  a 
pulsed  mode  and  found  similar  results. 

Introduction  to  the  Orbitron  MASER 

The  Orbitron  MASER  is  a  device,  which 
can  be  used  as  a  source  of  high  frequency 
radiation.  In  its  most  basic  physical  form, 
it  consists  of  a  metal  outer  shell,  which 
is  cylindrical  in  form,  and  a  thin  metal 
wire,  which  is  positioned  along  the  axis  of 
the  metal  shell.  This  basic  device  is  shown 
in  figure  1.  This  basic  device  can  be 
described  by  an  inner  radius  (r0),  which  is 
the  radius  or  the  inner  wire,  and  an  outer 
radius  (r^),  which  is  the  radius  ot  the 
outer  shell. 


It  is  possible  to  produce  high 
frequency  rf  radiation  from  such  a  simple 
device  by  applying  a  high  potential  between 
the  inner  wire,  and  outer  shell.  This  must 
be  done  in  such  a  way  that  the  wire  is 
biased  positive  with  respect  to  the  outer 
shell.  The  potential  applied  between  the 
two  surfaces  creates  a  strong  radial 
electric  field,  which  will  trap  negatively 
charged  particles  in  orbit  around  the 
positively  biased  wire.  In  this  device  the 
outer  shell  acts  as  a  microwave  cavity  and 
the  entire  device  resembles  a  coaxial  line 
These  orbiting  particles  are  negative  mass 
unstable  anu  couple  lw  ^aui  j  muucs  witnu. 
the  shell-wire  system.  The  frequency  of 
this  radiation  (fi)  is  proportional  to  the 
radius  of  the  particle  orbit,  and  the 
highest  frequency  at  any  particular  voltage 
is  proportional  to  the  radius  of  the 
central  wire.  From  solving  the  appropriate 
force  balance  equations  we  find  that 

fi  =  1/r  ( ZeV  /  me  ln(r1/r0))'^ 

where  V  is  the  potential  between  the  wire 
and  shell,  me  is  the  electron  mass,  and 
is  the  sign  and  charge  of  an  electron1 


The  electron  feed  for  the  Orbitron 
MASER  can  be  accomplished  in  one  of  two 
ways.  Either  by  electrons  sucked  from  a 
cold  cathode  discharge  or  a  hot  electron 
emitter,  in  a  high  vacuum.  The  first  can  be 
accomplished  with  relative  ease  since,  for 
high  wire  potentials,  the  device  operates 
on  a  short  pulse  basis  and  none  of  the 
interior  parts  experiences  a  large  rise  in 
temperature.  However  the  hot  cathode 
device,  especially  in  the  steady-state, 
often  experiences  a  sharp  increase  in  anode 
temperature.  It  has  been  theorized  that  a 
multiple  wire  anode  structure  should 
decrease  the  heat  loading  for  each 
individual  wire.  If  these  wires  are  .very 
closely  spaced  they  should  constructively 
couple  and  increase  the  output  power  for 
any  given  current.  This  is  analogous  to 
multiple  atoms  in  a  LASER. 

Experimental  Data  From  Multiwire  Orbitrons. 

In  the  first  group  of  experiments 
involving  a  single  wire  Orbitron  with  a  hot 
filament,  open  cavities  between  5  and  10  cm 
in  length  were  used  with  a  diameter  of 
between  1  and  2  cm.  These  cavities 
generated  a  series  of  harmonics  for  which 
the  fundamental  was  determined  by  an 
external  cavity  cable  resonance.  We  next 
increased  the  number  of  anode  wires  from 
one  to  two.  This  was  done  in  the  belief 
that  this  would  increase  the  power  output 
and  the  frequency  range,  which  was  indeed 
the  case.  Fig.  2  is  a  comparison  between 
the  spectral  emission  of  one  and  two  center 
wires.  The  pressure  was  at  5  X  10"°  torr 
and  the  voltage  in  the  top  spectral 
pictures  was  1.2  kV,  while  at  the  bottom  it 
was  800  V.  Both  had  a  current  of  about  34 
mA  on  the  center  wire.  Some  nonharmonic 
frequencies  can  be  seen  in  the  two-wire 
spectral  picture,  as  well  as  a  series  of 
harmonically  related  spectral  lines.  These 
nonharmonic  emission  lines  disappear  as  the 
cuiicm.  or  tne  voltage  is  increased,  and  so 
what  appears  to  be  phase  locking  occurs 
between  the  wires.  The  harmonic  lines  stay 
constant  in  frequency  in  both  pictures,  but 
change  in  amplitude. 

The  number  of  center  wires  was 
increased  to  four,  arranged  in  a  planer 
array,  and  the  power  and  the  apparent  phase 
locking  increased  significantly,  but  more 
importantly,  the  upper  limit  of  frequency 
emission  went  up  sharply.  Fig.  3  is  an 
example  of  this.  The  input  operating 
voltage  to  this  device  was  500  V,  and  the 
radius  of  the  central  wire  was  3  mils  or 
0.075  mm.  Under  these  operating  conditions 
the  highest  circular  frequency  is  8.3  GHz, 
and  so  this  is  within  a  factor  of  1.5  of 
the  smallest  convputed  orbit  frequency  for 
circular  orbits. 
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We  next  added  water  cooling  to  the 
outer  cavity  of  the  device,  to  reduce  wall 
heating  and  arranging  the  central  wires  in 
a  circular  array.  This  had  the  same  effect 
of  reducing  the  wire  heat  load,  but  it  also 
created  a  peculiar  resonance  in  the  system, 
as  shown  in  figure  4.  This  resonance  caused 
high  frequency  lines  to  appear  at  low 
voltages,  but  disappear  at  higher  voltages. 
This  resonance,  we  believe,  is  the  result 
of  a  stabilization  of  the  device  caused  by 
the  introduction  of  a  positive  mass  drift 
region.  This  region,  located  in  the  hollow 
anode  structure,  is  caused  by  axisymetry  of 
the  anode  structure. 

During  this  experiment,  we  also  tried 
pulsing  the  device  to  a  high  voltage,  using 
a  delay  line  to  reduce  spark  gap  noise  and 
shape  the  pulse.  This  allowed  us  to  produce 
x  band  radiation,  as  shown  in  figure  5,  on 
an  extended  pulse  basis  from  the  device. 


yet  have  no  visible  heating  of  the  central 
wires  even  at  high  repetition  rates. 
Conclusion 


We  have  successfully  demonstrated  that 
the  Orbitron  can  operate  in  a  multiwire 
configuration.  This  multiwire  configuration 
helps  reduce  heat  load  on  the  individual 


wires,  improves  the  output  frequency,  and 


boosts  the  output  power.  A  high  frequency 


resonance  can  be  achieved  through  the 
proper  anode  configuration.  The  Orbitron 
MASER  can  operate  in  a  high  vacuum  and  at 
the  frequency  range  of  its  plasma  filled 


counterparts. 
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ABSTRACT 

The  modified  peniotron  oscillator  proposed  by  the 
authors  has  been  experimentally  studied  and  a  fairly 
high  electronic  efficiency  of  50%  and  62%  of  the 
efficiency  by  the  use  of  a  potential-depressed 
collector  were  obtained.  This  paper  describes  the 
operation  characteristics  of  the  modified  peniotron 
and  point  out  that  the  alignment  of  the  respective 
axes  of  the  tube  and  the  magnetic  circuits  is  very 
important  in  a  peniotron  tube. 


INTRODUCTION 

The  modified  peniotron  proposed  by  the  authors  in 
1985  has  been  expected  to  have  a  very  high  transverse 
efficiency  of  nearly  100%  for  rotational  electron 
beam  energy  and  also  nearly  same  conversion  efficien¬ 
cy  for  total  electron  beam  energy  by  the  use  of  a 
potential-depressed  collector  due  to  the  ideal 
peniotron  interaction  in  a  TE  rectangular  waveguide 
cavity (11.  We  have  reported  the  preliminary 
experimental  results  of  the  modified  peniotron  at  10 
GHz (2],  in  which  we  described  the  design  consider¬ 
ations  of  the  test  tube,  the  formation  of  a  hollow 
rotating  electron  beam  and  were  the  first  to 
demonstrate  the  peniotron  interaction  in  a  ridgeless 
waveguide  cavity.  But,  the  output  powers  were 
several  hundred  watts  and  the  conversion  efficiencies 
were  a  few  percents.  These  low  values  of  the 
experimental  results  were  estimated  to  be  due  to  the 
misalignment  of  the  respective  axes  of  the  tube  and 
the  magnetic  circuits. 

We  have  tried  to  adjust  the  concentricity  of  those 
axes  by  using  an  optical  microscope  and  a  laser  beam 
and  obtained  the  output  power  of  10KW  with  the 
electronic  efficiency  of  50%  by  using  the  same  test 
tube.  The  efficiency  was  improved  to  62%  by 
applying  a  depression  potential  to  the  collector. 

This  paper  describes  the  experimental  results 
obtained  from  the  test  tube  and  discuss  the  operation 
characteristics. 

EXPERIMENTAL  SET  UP 

Details  of  the  configuration  of  the  test  tube  and 
the  experimental  set  up  were  described  in  the 
previous  paper [2],  as  the  scheme  of  the  experimental 
set  up  is  shown  in  Figure  1.  As  shown  in  the  figure, 
the  test  tube  is  a  demountable  one.  All  of  the 
subassemblies  of  the  electron  gun  to  the  RF  circuits 
were  aligned  and  constructed  to  the  final  tube  with 
an  acceptable  axial  offset  of  50pm  by  using  an 
optical  microscope  on  an  optical  bench.  The  concen¬ 
tricity  of  the  tube  axis  and  the  magnetic  circuit 
axes  was  adjusted  by  measuring  t  e  intensity  of  a 
laser  beam  passing  through  the  small  holes  drilled  at 
the  same  axial  offset  on  the  tube  and  the  magnetic 
circuits.  This  alignment  technique  allowed  to  pass 


Table  1 


Parameters  of  the  designed  values 
and  the  experimental  results. 


Designed 

Experimental 

values 

values 

Operation  frequency (GHz) 

10 

10.03 

Output  power (KW) 

10 

10 

Electronic  efficiency (%) 

80 

50 

Beam  current (A) 

0.42 

0.92 

Accelerating  voltage (KV) 

30 

30 

Loaded  Q  of  cavity 

2000 

2000 

Pulse  width  (psec) 

20 

20 

Duty  ratio 

1/5000 

1/5000 

Velocity  ratio 

2 

-3 

all  of  beam  current  to  the  collector  and  to  obtain 
the  maximum  output  power  without  applying  the 
deflection  potential  on  two  pairs  of  the  deflection 
plates  position  in  the  beam  tunnel  between  the 
electron  gun  and  the  RF  circuit,  which  was  essential 
to  increase  a  transmittance  of  the  beam  current  and 
to  get  higher  output  power  at  the  previous 
experiments.  These  experimental  results  showed  that 
the  gun-tube  and  the  magnetic  circuit  alignments 
were  successfully  accomplished. 

RESULTS  AND  DISCUSSIONS 

Experiments  of  the  test  tube  were  carried  by  the 
pulse  conditions  listed  in  Table  1. 

Figure  2  shows  the  output  power  and  the  energy 
conversion  efficiency  as  a  function  of  the  beam 
current  at  the  accelerating  voltage  of  30KV.  The 
beam  current  was  changed  by  controlling  the  cathode 
temperature  and  the  DC  magnetic  field  intensity  was 
adjusted  to  produce  the  highest  output  power  at  each 
beam  current.  The  output  power  and  the  conversion 
efficiency  increased  with  increase  of  the  beam 
current  and  reached  to  the  highest  output  power  of 
10 KW  and  the  conversion  efficiency  of  36%,  respec¬ 
tively,  at  the  beam  current  of  0.92A.  The  conversion 
efficiency  includes  the  loss  in  the  cavity,  and, 
then,  36%  of  this  value  corresponds  to  the  electronic 
efficiency  of  nearly  50%,  considering  the  unloaded 
cavity  Q  value  of  8,000  and  the  loaded  Q  of  2,000  in 
the  test  tube.  This  value  is  still  lower  comparing 
with  the  maximum  efficiency  of  80%  for  the  ideal 
interaction  of  this  test  tube.  The  conversion 
efficiency  is  probably  limited  by  the  distributions 
of  the  beam  centre  and  the  velocity  ratio  of  the 
rotating  electron  beam. 

The  conversion  efficiency  in  the  modified  penio¬ 
tron  with  the  ideal  electron  beam  should  be 
substantially  improved  by  applying  a  depression 
potential  to  the  collector,  because  the  electrons 
have  an  unique  axial  energy  after  interaction. 

Figure  3  shows  the  collector  current  and  the  output 


136 


T5.6 


Fig.  1  Schematics  of  the  modified  peniotron. 

power  as  a  function  of  the  collector  depression 
potential  at  the  accelerating  voltage  of  30KV.  The 
figure  shows  that  the  output  power  reaches  the  peak 
value  at  the  depression  potential  of  about  2.5KV 
probably  due  to  the  decrease  of  the  longitudinal 
velocity  of  electrons,  that  is,  the  increase  of  the 
value  of  velocity  ratio  in  the  interaction  cavity. 

If  we  assume  that  the  beam  current  of  0.82A  without 
the  depression  potential  is  not  changed  by  the 
applyied  potential,  the  peak  output  power  corresponds 
to  the  conversion  efficiency  of  44%  and  the  electronic 
efficiency  of  62%,  respectively.  Differentiation  of 
the  corrector  current  distribution  with  respect  to  the 
potential  gives  the  information  of  the  velocity  ratio 
of  the  electron  beam.  This  experiment  showed  that  the 
velocity  ratio  of  the  electrons  were  distributed 
around  the  value  of  3  and  these  electron  beam  should 
enable  the  electronic  efficiency  to  be  little  bit 
higher  in  the  operation  of  the  modified  peniotron 
than  that  of  the  designed  value.  The  fact  reducing 
the  ej.riciency  suggests  that  the  electrons  were  not 
completely  rotating  about  the  axis  of  symmetry  of  the 
tube  and  the  alignments  of  the  gun-tube  and  the 
magnetic  circuits  were  not  sufficient. 

Therefore,  it  can  be  seen  that  more  precise 
designs  of  the  electron  gun  and  the  cusped  magnetic 
circuit  and  alignments  of  the  tube  and  the  magnetic 
circuits  to  form  an  axially  symmetric  hollow  rotating 
electron  beam  with  small  dispersion  of  the  velocity 
ratio  have  a  potential  to  increase  the  electronic 
efficiency  of  the  modified  peniotron. 

Finally,  we  summarized  the  experimental  results 
comparing  with  the  design  values  in  Table  1. 

This  work  was  partially  supported  by  a  Grant-in-Aid 
for  Scientific  Research  from  Ministry  of  Education, 
Science  and  Culture  in  Japan. 
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Fig.  2  Output  power  and  efficiency  as  a 
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COLLECTOR  DEPRESSION  POTENTIAL 
Fig.  3  Collector  current  and  output  power  as  a 

function  of  collector  depression  potential. 
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ABSTRACT 

We  propose  a  new  configuration  of  the  auto-resonant 
peniotron  oscillator (ARPO)  consisting  of  an  oscillator 
part  with  a  low  output  power  and  an  amplifier  part  and 
report  the  analytical  results  of  its  operational  char¬ 
acteristics.  The  results  show  that  a  multi  megawatts 
oscillator  tube  with  an  extremely  high  conversion 
efficiency  should  be  possible  to  develop  even  in  the 
millimetre  and  the  submillimetre  wave  regions. 


INTRODUCTION 

Recently,  electron  tubes  used  for  electron  cyclotron 
resonance  heating (ECRH)  of  magnetically  confined 
plasmas  have  required  to  have  multi  megawatts  of  output 
power  in  the  millimetre  wave  region.  One  of  candidates 
for  such  a  tube  would  be  the  auto-resonant  peniotron 
amplifier (ARPA) ,  reported  by  Baird  et  al. [1].  In  the 
ARPA  operation,  both  of  the  transverse  and  the  longitu¬ 
dinal  velocities  of  injected  electrons  change  together, 
so  that  the  resonant  condition  between  all  of  electrons 
and  a  propagating  electromagnetic  wave  is  kept  until 
most  of  kinetic  energies  of  electrons  have  extracted  by 
the  wave.  In  the  ARPA,  therefore,  operation  with  an 
extremely  high  conversion  efficiency  should  be  expected 
to  take  place.  The  ARPA  is  also  expected  to  have  other 
two  advantages  for  generation  of  high  power  and  high 
frequency  electromagneticwaves  comparing  with  usual 
gyrotrons  and  peniotrons,  that  is,  its  required  DC 
magnetic  field  intensity  can  be  substantially  reduced 
even  in  a  cyclotron  fundamental  operation  due  to  the 
Doppler  effect  and,  also,  allowed  power  dissipation  in 
a  used  interaction  circuit  becomes  higher,  because  the 
circuit  has  a  larger  radius  compared  with  those  of 
usual  gyrotrons  and  peniotrons.  However,  if  we 
consider  about  the  auto-resonant  peniotr>  oscillator 
(ARPO) ,  we  will  not  expect  such  a  high  conversion 
efficiency  as  that  of  the  ARPA,  because  the  resonant 
condition  between  an  electron  beam  and  a  reflected 
electromagnetic  wave  existing  in  an  interaction  cavity 
is  not  satisfied.  For  the  sake,  we  propose  the  config¬ 
uration  of  the  ARPO  consisting  of  an  oscillator  part 
with  a  considerably  low  power  and  an  amplifier,  which 
enable  to  generate  a  very  high  power  with  a  comparably 
highconversion  efficiency  to  that  of  the  ARPA  in  the 
millimetre  and  the  submillimetre  wave  regions. 

HIGH  EFFICIENT  ARPO 

It  has  been  well  known  that  the  peniotron  interaction 
was  highly  efficient  [2],  [3].  Especially,  the  ideal 
peniotron  interaction  which  can  take  place  in  the  gyro- 
peniotron  proposed  by  Vitello  [4]  and,  also,  in  the 
modified  peniotron  proposed  by  the  authors  [5] ,  is 
extremely  efficient,  because  almost  all  of  the  trans¬ 
verse  energy  of  the  electron  beam  can  be  given  to  the 
wave.  Therefore,  if  the  auto-resonant  mechanism  can 
be  confined  in  the  ideal  peniotron  interaction,  almost 


all  of  the  total  kinetic  energy  of  an  injected 
electron  beam  will  be  transferred  to  an  electro¬ 
magnetic  wave  and  an  extremely  high  conversion 
efficiency  will  be  achieved.  Baird  et  al.  showed 
first  this  possibility  by  their  proposal  of  the  ARPA 
[1] .  We  have  also  carried  computer  simulations  to 
study  the  features  for  both  of  the  ARPA  and  the  ARPO. 

Figure  1  shows  one  of  the  simulation  results  of 
the  ARPA  characteristics,  in  which  the  RF  power  level 
and  the  relative  electron  energies  of  all  of  the 
sample  electrons  used  for  the  simulation  sure  shown  as 
a  function  of  the  position  along  the.  waveguide  axis 
for  the  input  power  of  10KW  and  the  beam  current  of 
13. 5A.  The  parameters  used  for  the  simulations  cure 
same  for  both  of  the  ARPA  and  the  ARPO  and  are 
summarized  in  Table  1.  In  the  simulation,  twenty- 
four  sample  electrons  are  used,  but  their  relative 


Fig.  1  Relative  electron  energies  and  power  level 
as  a  function  of  amplifier  axis  in  ARPA. 


Position  along  the  axis  Z  (om) 
Fig.  2  Relarive  electron  energgies  as  a  function 
of  cavity  axis  in  ARPO. 
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kinetic-  energies  are  well  expressed  by  only  one  curve  as 
shown  in  Fig.  1,  which  means  that  they  have  about  the 
same  experiences  throughout  the  interaction  region  and 
the  ideal  peniotron  interaction  take  place  in  this 
interaction.  As  shown  in  Fig.l,  the  relative  energies 
of  all  the  sample  electrons  become  simultaneously  the 
minimum  value  at  Z=100cm.  This  value  corresponds  to 
the  conversion  efficiency  of  94.9%  and  to  the  highest 
RF  power  of  6.42MW  which  are  in  a  good  agreement  with 
expected  values  for  the  assumed  operation  parameters! 

The  conversion  efficiency  of  100%  is  theoretically 
possible  by  choosing  the  parameters) . 

Figure  2  shows  the  relative  electron  energies  of  the 
sample  electrons  as  a  function  of  the  axial  position  in 
the  cavity  at  the  beam  current  of  13. 5A,  as  one  of  the 
operational  characteristics  of  the  ARPO.  The  relative 
energies  of  the  respective  electrons  at  the  exit  of  the 
cavity  correspond  to  the  maximum  conversion  efficiency 
of  66.6%  at  the  output  power  of  4.5MW  and  they  become 
dispersive,  which  means  that  the  electrons  have  differ¬ 
ent  experiencies  with  one  another  in  the  interaction 
region  due  to  the  existance  of  a  reflected  wave.  That 
is  the  reason  why  the  maximum  conversion  efficiency  is 
limited  at  the  lower  value  than  that  in  the  operation 
of  the  ARPA.  However,  we  noticed  that  the  energy 
dispersion  becomes  remakable  in  the  latter  half  of  the 
cavity  length  but  it  is  very  small  throughout  the  first 
half  where  each  electron  still  has  an  enough  energy. 

From  this  fact,  we  propose  the  new  configuration  of  the 
ARPO  which  enable  to  generate  a  very  high  power  with  an 
extremely  high  conversion  efficiency,  as  its  schematic 
diagram  is  shown  in  Figure  3.  As  shown  in  the  figure, 
it  is  consisting  of  two  interaction  regions.  The  first 
region  works  as  an  oscillator  with  a  rather  small  out¬ 
put  power!  we  will  write  its  output  power  as  the  oscil¬ 
lator  power  in  the  following) ,  so  that  the  energy 
dispersion  of  an  electron  beam  is  still  very  small  at 
the  exit  of  this  region.  The  second  region  works  as  an 
amplifier  of  the  oscillator  power.  In  this  region,  we 
will  be  able  to  expect  to  take  place  the  operation  of 
the  ARPA  and  to  be  attained  an  extremely  high  conver¬ 
sion  efficiency,  because  there  is  no  reflected  wave. 

We  carried  the  computer  simulations  in  order  to  confirm 
our  expectation.  For  the  simulations,  the  same 
parameters  listed  in  Table  1  were  also  assummed. 

Figure  4  shows  the  overall  conversion  efficiency  and 
the  required  beam  current  as  a  function  of  the 
oscillator  power.  As  shown  in  the  figure,  the 
conversion  efficiency  decreases  from  nearly  95%  to  66% 
with  increase  of  the  oscillator  power.  As  one  can  see 
easily,  its  upper  value  is  nearly  equal  to  that  obtained 
in  the  operation  of  the  ARPA  and  the  lower  value  is 
similar  to  the  maximum  efficiency  in  the  previouly 
mentioned  operation  of  the  ARPO. 

Figure  5  shows  the  power  level  as  a  function  of  the 
axial  position  in  the  amplifier  region  for  several 
values  of  the  oscillator  power.  The  highest  amplified 
power  increases  slightly  with  the  decrease  of  the 
oscillator  power,  but,  of  course,  the  lower  the 
oscillator  power  becomes,  the  longer  the  length  of  the 
amplifier  region  is  required. 

By  these  simulation  results,  we  could  confirm  our 
expectations  and  see  that  the  ARPO  with  this  new 
configuration  had  definitly  promising  operation  char¬ 
acteristics  for  generation  of  an  intense  power  in  the 
millimetre  and  the  submillimetre  wave  regions. 

This  work  was  supported  by  a  Grant-Aid  for  Scientific 
Research  from  Ministry  of  Education,  Science  and  Culture 


Table  1 

Simulation  parameters 


Operation  frequency  :  200  GHz 

Accelerating  voltage  :  500  KV 

Initial  velocity  ratio  :  0.936 

DC  magnetic  field  intensity  :  5.23  T 
Radius  of  waveguide  :  2.28  mm 

Cavity  mode  :  TE21240 

Cavity  length  :  18  cm 

loaded  Q  :  2,500 
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Fig.  3  Schematic  diagram  of  the  ARPO  configuration. 


Fig.  4  Efficiency  and  beam  current  versus  output 
power  of  the  oscillator  in  the  ARPO. 


Fig.  5  Power  level  versus  amplifier  axis  in  the 
ARPO  for  several  output  power. 
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ABSTRACT 

This  paper  presents  a  structure  for  a  funda¬ 
mentally  pumped  balanced  mixer  with  whisker  contacted 
'diodes.  The  structure  suggests  compact  and  unique 
solutions  for  placing  two  connected  diodes  in  an  ex¬ 
tremely  small  hybrid  T,  and  for  a  low  loss  adjusted 
waveguide  short. 

At  183  GHz  this  mixer's  noise  temperature  was 
under  600  K  double-sideband  measured  at  room  tem¬ 
perature,  a  figure  achieved  until  now  only  with 
single-ended  mixers. 

INTRODUCTION 

The  fundamentally-pumped  balanced  mixer  ( FPBM) 
described  in  this  paper  is  derived  from  the  single- 
ended  mixers  as  shown  in  Figure  1.  Their  respective 
L0  and  IF  ports  are  connected  in  parallel,  and  their 
signal  ports  are  connected  in  series.  The  L0  drives 
the  two  mixer  diodes  180°  out  of  phase.  This  FPBM 
configuration,  shown  in  Figure  2,  has  well  known 
features  (1],  attractive  enough  to  establish  its 
dominance  at  microwave  and  at  millimeter-wave  fre¬ 
quencies  up  to  100  GHz.  (2) 

FPBMs  have  been  reported  above  100  GHz,  but  not 
above  170  GHz  (3J,  (4).  Furthermore,  their  electri¬ 
cal  performance  has  been  inferior  to  single-ended 
mixers  because  of  parasitic  elements  associated  with 
their  packaged  mixer  diodes. 

This  paper  describes  an  FPBM  structure  for 
higher  millimeter-wave  frequencies,  with  electrical 
performance  comparable  to  single-ended  mixers. 

DESCRIPTION  OF  CONSTRUCTION 

Figure  3  shows  the  FPBM  structure  developed  at 
Aerojet  ElectroSystems  Company.  This  structure  con¬ 
sists  of  an  IF  connector,  two  waveguide  sections,  one 
for  the  signal  and  the  other  for  the  LO.  A  printed 
circuit  network  interconnects  these  parts,  and  hosts 
two  whisker  contacted  diodes. 

The  two  full  height  waveguide  sections  are  con¬ 
structed  as  split-blocks,  split  along  the  middle  of 
their  broadwalls.  The  printed  circuit  is  configured 
as  a  suspended  stripline  on  a  dielectric  substrate. 
This  substrate  is  colinear  with  the  signal  wave¬ 
guide,  across  the  LO  waveguide,  and  connected  to 
the  IF  connector.  The  suspended  stripline  network 
consists  of  the  TEM-mode  portion  of  the  LO  transi¬ 
tion  from  waveguide  TEg^-mode  to  the  TEM-mode  on 
the  suspended  stripline,  and  also  includes  a  low 
pass  filter  for  the  IF.  The  two  whisker  contacted 
diodes  are  mounted  as  shown  in  Figure  4,  and  bridge 
the  suspended  stripline  to  the  broadwalls  of  the  sig¬ 
nal  waveguide. 

HYBRID  T  AND  ADJUSTABLE  WAVEGUIDE  SHORT 

The  junction  between  the  colinear  cascade  of 
the  signal  waveguide  and  the  suspended  stripline 
constitute  a  simple  and  compact  hybrid  T.  The 
suspended  stripline  substrate  bifurcates  the  signal 


waveguide  along  the  plane  of  maximum  E-field.  This 
substrate  provides  a  convenient  location  for  mount¬ 
ing  whisker  contacted  diodes,  necessary  for  high 
quality  FPBMs  at  high  millimeter-wave  frequencies. 

The  main  portion  of  the  suspended  stripline 
substrate  rests  in  a  mechanical  enclosure  with 
dimensions  designed  to  limit  the  signal  to  propa¬ 
gate  only  in  the  waveguide.  At  the  plane  bordering 
the  signal  waveguide  this  mechanical  enclosure 
constitutes  a  fixed  waveguide  short  for  the  signal. 
The  rest  of  the  suspended  stripline  substrate  with 
the  contacted  diodes  rests  beyond  this  fixed  short, 
in  the  signal  waveguide.  The  length  of  this  por¬ 
tion  of  the  suspended  stripline  is  varied  by  slid¬ 
ing  the  substrate.  This  adjustment  provides  simple 
and  low-loss  tuning  to  the  length  of  the  shorted 
waveguide  stub  terminating  the  diodes  in  the  signal 
waveguide.  In  the  LO  waveguide,  a  conventional 
sliding  short  tunes  the  LO  coupling  to  the  diodes. 

183-GHz  PROTOTYPE 

The  FPBM  prototype  was  constructed  and  de¬ 
signed  to  operate  at  G-band  (140-220  GHz).  The 
signal  and  LO  waveguide  are  WR-5  (0.051  in.  x 
0.0255  in.),  and  the  suspended  stripline  substrate 
is  fused  quartz  0.003  in.  thick  and  0.030  in. wide. 
The  mixer  diodes  are  from  the  University  of  Virginia 
(Rs  =  4tt  ,  C10  =  7fF,  V  =  68  mV,  Vbr  «  5V)  con¬ 
tacted  with  0.0005-in.  diameter  Ni-Au  wire. 

A  183-GHz,  20-mW  oscillator  was  used  to 
measure  conversion  loss  and  noise  figure  at  room 
temperature  for  IF  frequencies  up  to  4  GHz.  The 
best  results  were: 

•  Mixer  noise  figure  4.8  dB  double  sideband 

•  Conversion  loss  7  dB. 

CONCLUSION 

FPBMs  and  single-ended  mixers  yield  theoreti¬ 
cally  identical  mixer  conversion  loss  and  mixer 
noise  figure.  The  parity  of  these  essential  mixer 
properties,  certainly,  cannot  explain  the  dominance 
of  FPBMs  at  frequencies  up  to  100  GHz.  FPBMs  are 
superior  relative  to  properties  like:  LO  AM-noise 
suppresison,  operation  bandwidth,  and  isolation 
between  the  LO  and  signal  inputs.  These  mixer 
properties  are  generally  secondary  in  importance, 
but  they  gain  relative  importance  in  frequency  bands 
that  have  many  applications  and  activities. Thus,  the 
availability  of  FPBM  is  not  only  indicative  for 
maturing  mixer  technology  at  any  frequency  band,  but 
also  a  key  to  such  state  of  technology.  The  FPBM 
presented  in  this  paper  may  very  well  indicate  the 
way  to  maturity,  for  the  technology  of  millimeter- 
wave  mixers  a*-  200  GHz  and  beyond. 
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Figure  1:  Two  Single-Ended  Mixers  Connected. 
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Figure3:  A  Millimeter-Wave  Fundamentally  Pumped 
Balanced  Mixer  Structure. 


Figure  4: 

Whisker  Contacted  Diodes  In  A  Hybrid  T  Structure. 
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ABSTRACT 

An  accurate  monolithic  power  meter  has  been 
developed  for  millimeter-wave  applications.  The 
detector  is  a  large-area  Bismuth  bolometer, 
integrated  on  a  fused-Quartz  substrate.  It  simply 
measures  the  temperature  change  caused  by  the 
absorption  of  millimeter-wave  radiation.  The 
power  meter  is  easy  to  fabricate,  and  can  be 
calibrated  using  a  low-frequency  network.  The 
measured  responsivity  for  a  1x1cm  bolometer  is 
about  ImV/W,  at  a  bias  of  IV.  and  a  video 
modulation  of  100Hz.  The  noise  spectrum  exhibits 
a  1/f  rolloff  below  IKHz,  and  is  limited  by  the 
Johnson  noise  for  higher  frequencies.  The  NEP  of 
the  detector  is  3x10"®WHz‘^2  at  a  video 
modulation  of  IKHz.  It  is  possible  to  decrease  the 
current  NEP  by  fabricating  bolometers  with 
higher  responsivities.  Possible  application  areas 
are  absolute  power  calibration  and  localized 
power-density  measurements  for  millimeter  and 
submillimeter  wavelengths. 

INTRODUCTION 

Power  measurements  at  millimeter-wave 
frequencies  is  conventionally  done  using 
waveguide  power  meters.  However,  these  become 
very  expensive  in  the  millimeter-wave  bands,  and 
are  simply  not  available  for  frequencies  higher 
than  200GHz.  Bloch  and  Gaddy  [1]  integrated  a 
0.5mm2  Bismuth  bolometer  for  infrared  detection. 
The  measured  responsivities  were  low  because 
the  device  was  optimized  for  wide  bandwidth.  We 
have  developed  a  large-area  bolometer  optimized 
for  millimeter-wave  power  detection.  The 
bolometer  is  much  thinner  than  a  wavelength,  and 
therefore  presents  a  millimeter-wave  surface 
impedance  equal  to  its  DC  resistance  per  unit 


square.  This  fact,  in  conjunction  with  the 
bolometer  large  size,  allows  the  use  of  a 
transmission-line  equivalent  circuit  to  determine 
accurately  the  mismatch  between  the  bolometer 
and  an  incident  plane-wave.  This  gives  the 
fraction  of  the  incident  power  absorbed  by  the 
bolometer.  If  the  bolometer  responsivity  is  known 
using,  for  example,  a  LF  calibration  network,  an 
accurate  power-density  measurement  is  then 
made  at  millimeter  wavelengths. 


Incident  Radiation 


Fig.  1.  A  monolithic  large-area  bolometer  (LAB). 
THEORY 

The  bolometer  is  a  heat  sensitive  device,  and  will 
respond  to  the  average  power  of  an  amplitute 
modulated  signal.  The  bolometer  will  then  heat  up 
and  cool  down  at  the  modulation  frequency.  This 
will  generate  a  heat  wave  that  will  propagate  a 
distance  Ls  (thermal  diffusion  length)  into  the 
substrate.  Assuming  a  one-dimensional  heat  flow 
model,  and  neglecting  the  thermal  conductance  of 
air  and  the  silver  contacts,  Ls  is  then  given  by  [2] 

L$  =*  ( Ks/(2n/Cs)  )^2 

where  Ks  and  Cs  are  the  thermal  conductivity  and 

capacity  of  the  substrate,  respectively,  and  f  is 
the  modulation  frequency.  The  thermal  diffusion 
length  is  very  short  in  a  fused-Quartz  substrate, 
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being  less  than  400mm  for  a  modulation  frequency 
of  1Hz.  This  means  that,  for  all  practical 
purposes,  the  heat  wave  never  reaches  the  back  of 
the  substrate.  The  bolometer  responsivity  is  then 
given  by  [2] 

Resp  =  a  Vg  LS/(A  Ks) 

where  a  is  the  temperature  coefficient  of 
resistivity  of  Bismuth,  A  is  the  area  of  the 
bolometer,  and  Vq  is  the  bias  voltage.  For  a 
fused-Quartz  substrate  with  Ks=1.6Wm'’,K‘1  and 
Cs=2.36x10®Jm'^K'^,  and  with  a=0.003K'1  for  a 

1000A  Bismuth  layer,  the  theoretical 
responsivity  for  a  bolometer  with  the  same 
specifications  given  above,  is  equal  to  0.65mV/W. 


Vbias 


Fig.  2.  The  LF  calibration  network. 


MEASUREMENTS 

The  frequency  response  of  the  bolometer  is 
measured  using  the  LF  network  shown  in  Fig.  2.  An 
amplitude  modulated  4.3MHz  signal  is  applied  to 
the  bolometer.  The  bolometer  is  too  slow  to 
follow  the  4.3MHz  signal,  and  responds  to  the 
average  power  of  the  input  signal.  The  frequency 
response  is  found  by  varying  the  modulation 
frequency  and  measuring  the  output  signal  from 
the  bolometer.  The  output  signal  drops  as  f^2, 
in  agreement  with  the  theoretical  model.  In  order 
to  calibrate  the  bolometer,  the  RF  power  absorbed 
must  be  known.  This  is  done  by  monitoring  the 
instantaneous  applied  voltage  across  the 
bolometer.  An  absolute  responsivity  of  0.85mV/W 
is  found  for  a  35ft  bolometer,  at  a  bias  of  IV.  and 
a  modulation  frequency  of  100Hz.  The  discrepancy 
with  the  theoretical  responsivity  arise  because  of 
uncertainties  in  the  values  of  a  and  Ks. 


Ground  Plane 


Fig.  3.  The  transmission-line  equivalent  circuit. 
ACKNOWLEDGEMENTS 


The  frequency  response  can  also  be  found  using 
the  millimeter-wave  system  shown  in  Fig.  3.  In 
this  case,  the  source  is  amplitude  modulated,  and 
the  output  signal  from  the  bolometer  is  detected 
using  a  lock-in  amplifier.  The  measured  frequency 
response  drops  as  f‘1/2.  The  absolute 
responsivity  is  found  by  measuring  the  source 
power  with  an  accurate  waveguide  power  meter, 
and  by  using  a  calibrated  horn  antenna.  A 
transmission-line  equivalent  circuit  is  used  to 
calculate  the  power  absorbed  by  the  bolometer. 
The  absolute  responsivities  measured  with  an 
80.7GHz  system  (and  a  93.2GHz  system)  were 
within  10%  of  the  measured  responsivities  using 
the  LF  system. 


This  work  was  supported  by  the  Innovative  Space 
Technology  Center  at  the  Jet  Propulsion 
Laboratory,  and  is  now  supported  by  the  Center  of 
Space  Terahertz  Technology  at  the  University  of 
Michigan,  Ann  Arbor. 

REFERENCES 

[1]  W.  H.  Block  and  O.  L.  Gaddy,  "Thin  metal  film 
room-temperature  IR  bolometers  with  nanosecond 
response  times,"  IEEE  Journal  Quantum 
Electronics,  vol.  QE-9,  No.  11,  November  1973. 

[2]  E.  Holman,  "Heat  Transfer,"  First  Edition,  Me 
Graw  Hill  Book  Company,  New  York,  1963. 


T7.4 


Series-Connected  Josephson-Effect  Mixers  for  Millimeter-Wave  Radiation 

Hiroshi  Ohta,  Toshiaki  Matsui*  and  Bokuji  Komiyama* 

The  Institute  of  Physical  and  Chemical  Research, 

Hirosawa  2-l,Wako-shi,Saitama  351-01  Japan; 

♦Communication  Research  Laboratory,  Ministry  of  Posts  and  Telecommunications, 
Nukuikitaroachi  4-2- l.Kogancishl, Tokyo  184  Japan 


Abstract 

Millimeterwave  detectors  have  been  made  of  a  series- 
connected  array  of  Josephson  junctions.  Each  junction  of  the 
array  responds  in  phase  to  radiation  and  therefore  the  series- 
connected  array  as  a  whole  behaves  as  if  it  were  a  single 
Josephson  junction.  When  the  Josephson  junctons  have  a 
high  critical  current  density,  the  IF  outputs  have  sharp  peaks 
at  the  voltages  V  =  2NMne  where  N  is  the  number  of  the 
Josephson  junctions  in  series  connection  and  n  is  an  integer. 
The  subharmonic  energy  gap  structures  in  voltage-current 
curves  of  Josephson  junctions  come  from  the  Andreev- 
reflection-assisted-tunneling  according  to  the  recent  Arnold 
theories. 

Introduction 

Josephson  junctions  for  millimeter-wave  mixers  have  a 
small  junction-area  with  a  small  capacitance.  Their  critical 
currents  cannot  be  very  small  because  of  noise  roundings  in 
the  voltage-current  curves.  Therefore  Josephson  junctions  for 
millimeter-wave  mixers  inevitably  have  a  high  critical-current 
density.  Recent  lithographic  techniques  can  make  good  Joseph¬ 
son  junctions  of  high  critical-current  density.The  recent 
Arnold  theory  explains  very  well  behaviors  of  Josephson  junc¬ 
tions  with  a  larger  critical-current  density  than  l04A/cm2. 

Fabrication  of  Quasi-Planar  Junctions 
Our  mixers  are  made  of  short  weak  links  named  Quasi- 
Planar  junction  as  shown  in  Fig.l.  Fabrication  techniques  of 
Quasi-Planar  junction  are  described  in  details  in  References 
[9]  and  [8].  QP  junctions  are  made  only  of  niobium  on  0.5 
mm  thick  fused  quartz  substrates.7  Niobium  thin  films  are 
prepared  by  a  4  inch  magnetron-type  rf  sputtering  system. 
Both  of  the  niobium  electrodes  are  made  by  lift-off.  The 
weak  links  of  niobium  are  prepared  by  electron  beam  lithog¬ 
raphy  and  dry  etching. 

The  Arnold  Theory 

The  typical  temperature  dependence  of  the  critical 
current  of  QP  junctions  is  that  of  short  weak  links  in  the  clean 
limit.2  Heavy  anodization  of  the  weak  link  portion  of  QP 
junctions  can  change  the  temperature  dependence  of  the  criti¬ 
cal  current  from  that  of  a  short  weak  link  to  that  of  a  tunnel 
Josephson  junction.1  These  observations  agree  with  the  recent 
general  theory  presented  by  D.B.Arnold  which  explains  the 
temperature  dependence  of  the  critical  currents  both  of  metal¬ 
lic  weak  links  and  tunnel  Josephson  junctions  consistently.5,5 
Before  anodization  of  weak  links,  the  critical  current  density 
of  QP  junctions  are  around  lOWcm2.  Since  the  weak  link 
portion  of  QP  junctions  is  three-dimensionally  constricted, 
nonequilibrium  effects  are  minimized.  Unless  the  transmission 
coefficient  between  the  superconducting  electrodes  IT  l2  is 
much  smaller  than  unity  ,  higher  order  terms  IT'  I4,  IT  I6,  IT  Is, 
...  must  be  taken  into  account  according  to  the  Arnold  theory. 
4  The  total  current  is  not  a  sum  of  the  pair  current  and  the 
quasi-particle  current  anymore.  The  Andreev  reflection 
assisted  tunnel  currents  flow  at  finite  voltages  below  the 
energy  gap  voltage  2A/e.  Any  Josephson  junctions  of  high 
critical  current  densities  must  have  subharmonic  energy-gap 
structures  or  subgap  currents  including  tunnel  junctions.  Mil¬ 
limeter  or  Submillimeter  wave  detectors  musv  have  high  criti¬ 
cal  current  densities. 


Fig.l  Electron  microscope  picture  of  a  Quasi-Planar  junction 
The  line  of  electron  beam  resist  is  0.17  pm  wide  and  0,4  h™  hlS 
a  0.17  urn  wide  and  0.013  pm  thick  niobium  weak  link  lies 


underneath. 


Fig.2  IF  output  from  a  100  GHz  mixer  of  a  series-connected 
array  of  eleven  Quasi-Planar  junctions  in  different  temperatures  (a) 
&  (b).  The  IF  output  peaks  at  the  voltages  INNnc  where  N=U 
and  n  is  an  integer. 
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Millimeter-wave  Mixers 

We  have  observed  subharmonic  energy-gap  structures  in 
the  IF  output  from  100  GHz  mixers  of  a  series-connected  : 
array  of  eleven  QP  junctions  as  shown  in  Figs.2  (a)  and  (b)  in 
different  ambient  temperatures.  The  IF  outputs  from  a  Josep-  - 
son  mixer  is  proportional  to  the  dynamic  resistance  of  the 
Josephson  junction.  "  The  IF  output  peaks  at  the  voltages 
V  =  INMne  (1) 

where  W=ll  and  n  is  an  integer.7  Note  that  no  IF  peaks  are 
observed  at  4 Me  because  Win  is  never  2  for  any  integer  n. 
Figure  3  shows  that  the  electron  gets  enough  energy  to  get 
into  the  superconductor  S  in  the  right  hand  side  after 
n  -  2A/(eVW)  times  Andreev  reflections.  It  has  been  assumed 
that  each  junction  of  the  array  responds  in  phase  to  radiation 
and  therefore  shares  the  applied  voltage  V  evenly.  It  should 
be  noted  that  in  Fig.3  one  electron  and  n  =  &J(e\'lN)  pairs  have 
been  transferred  across  the  barrier  at  the  same  time  to  con¬ 
serve  the  energy.  When  a  large  power  from  a  local  oscillator 
is  applied  to  the  mixer,  pairs  are  tranferred  across  the  barrier 
in  the  reverse  direction  absorbing  photons  of  local  oscillator 
frequency  w  in  Fig.3.  Namely  the  ac  Josephson  effect  dom¬ 
inates  the  Andreev  reflection  assisted  tunneling  when 
<S)J  =  2eV/m  =  /to  (2) 

where  /  is  an  integer.  The  observed  patterns  of  IF  outputs  are 
similar  to  those  of  the  dynamical  resistance  vs.  bias  voltage 
calculated  numerically  by  G.B.Arnold  as  shown  in  Fig. 6.  For 
better  comparison  between  experiment  and  theory  we  must 
measure  both  the  transmission  coefficient  in7  and  the 
energy-gap  ratio  exactly.  In  this  mode  of  mixing  the 
Andreev  reflection  assisted  tunneling  plays  an  important  role 
directly  or  indirectly.  For  further  understandings  of  this  mix¬ 
ing,  the  Arnold  theory  must  be  extended  to  include  the  effect 
of  applied  microwave  radiation  like  the  Werthamer  theory. 

Harmonic  Mixing 

Harmonic  mixers  for  millimeter  and  far-infrared  waves 
are  important  because  of  lack  of  high-power  local  oscillators.'9 
We  have  done  preliminary  experiments  of  harmonic  mixing 
using  a  series-connected  array  of  eleven  QP  junctions  as 
shown  Figs.4  and  5.  The  signal  frequency  is  105.9  GHz  and 
the  local  oscillator  frequency  is  9.58  GHz.  The  IF  peaks 
appear  at  the  voltages  v  =  WMne  again.Harmonic  mixings 
are  very  effective  in  Josephson  mixers  because  of  their  strong 
nolinearities.We  are  preparering  harmonic  mixing  experiment 
in  far-infrared  regions. 
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ABSTRACT 

A  high  resolution  multichannel  far-infrared 
interferometer  has  been  constructed  for  the  ATF 
experiment  at  Oak  Ridge.  The  system  consists  of  a 
pair  of  cw  119-pm  methanol  lasers,  optically  pumped 
by  separate  C02  lasers.  An  external  Stark-cel.  modu¬ 
lation  scheme  is  used  to  stabilize  the  frequencies 
of  the  C02  lasers.  The  system  is  designed  to  be 
operated,  monitored,  and  stabilized  by  a  PC  com¬ 
puter. 

INTERFEROMETER 

A  15-channel  interferomet  .ting  at  a  wave¬ 
length  of  119  pm  has  been  dev.  oped  for  the  ATF 
experiment  at  the  Oak  Ridge  National  Laboratory.  A 
schematic  diagram  of  the  interferometer  is  shown  in 
Fig.  1.  The  large  number  of  channels  is  achieved  by 
the  use  of  reflective  beam  expansion  optics  to 
create  a  beam  2  cm  x  45  cm  [1].  After  passing 
through  the  plasma  discharge,  the  elongated  beam 
produced  by  the  cylindrical  mirrors  is  dissected  at 
the  focal  plane  of  the  optics  system  by  an  array  of 
15  off-axis  paraboloid  reflectors,  each  of  which 
illuminates  a  single  Schottky-diode  detector.  The 
use  of  the  beam  expanding  optics  system  reduces  the 
number  of  optical  elements  required  for  the  inter¬ 
ferometer  to  approximately  2-3  per  channel.  The  FIR 
light  beams  are  transported  from  the  laser  room  to 
the  experimental  area  by  25  mm  i.d.  dielectric  wave¬ 
guides  purged  with  dry  nitrogen. 


Figure  1. 

Schematic  diagram  of  Interferometer 
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ABSTRACT 

A  one  channel  FIR  polarimeter/interferometer, 
with  HCN  laser  of  0.337  mm  is  designed  for  JIPP  T- 
II  U  Tokamak,  in  order  to  prove  the  possibility  of 
the  inference  of  current  density  distribution.  The 
measurement  itself  is  successful,  of  the  distribu¬ 
tions  of  the  line  density  and  Faraday  rotation 
angle  with  the  accuracy  of  0.1  fringe  and  0.1 
degree  respectively. 

INTRODUCTION 

For  the  study  of  the  fundamental  behavior,  such 
as  transport  phenomena  and  plasma  stability,  of 
tokamak  plasmas,  it  is  important  to  measure  the 
electron"’  density  distribution  and  the  current 
density  profile.  A  one  channel  FIR  polarimeter/ 
interferometer,  with  HCN  "laser  of  0.337  mm  is 
designed  for  JIPP  T-IIU  Tokamak1  ,  with  reference 
to  the  system  in  TEXTOR2  ,  in  order  to  prove  the 
possibility  of  the  inference  of  current  density 
distribution. 

EXPERIMENTAL  SETUP  AND  RESULT 

The  schematic  diagram  is  shown  in  Fig.l.  A  high 
power  HCN  laser5  ,  of  which  laser  cavity  is  5  m  and 
maximum  output  power  is  500  mW,  is  installed  in  the 
diagnostic  room  8  m  apart  from  the  tokamak.  The 
laser  beam  is  introduced  to  the  meter  through  a  6  m 
dielectric  waveguide  of  59  mm  in  diameter.  All  the 
optical  components  of  the  meter  are  fixed  to  a  C- 
shaped  framework,  which  is  mounted  on  a  truck  mov¬ 
able  radially  to  the  major  radius  and  isolated  from 
the  plasma  vessel  and  the  magnetic  coils.  The  ref¬ 
erence  beam  of  a  Mach-Zehnder  type  interferometer 
is  modulated  by  the  rotating  grating  and  suffers 
the  frequency  shift.  Ga-As  Schottky  barrier  diode 
mixers  with  corner  cube  mount1*  are  used  as  detec¬ 
tors  to  obtain  high  temporal  resolution  with  good 
signal-to-noise  ratio.  Although  the  beat  frequency 
A f  is  10  kHz  in  the  present  experiment,  it  goes  up 
to  50  kHz  recently. 

The  interferometric  signal  Sj  is  given  by 

Sj  «  cos  ft  cos(2nAft  +  A4>), 

where  A4>  is  the  phase  shift  caused  by  the  electron 
line  density,  neJt,  and  ft  is  the  Faraday  rotation 
angle  proportional  to  the  poloidal  magnetic  field 
Bp//  and  ne£  along  the  probing  beam  path.  It  is 
detected  in  reference  to  the  unmodulated  reference 
signal  Sr  (  «  cos(2TiAft)  ). 


The  polarimetric  signal  Sp  is  given  by 

Sp  «  sin  ft  cos(2nAft  +  A4>). 

It  is  detected  as  an  amplitude  increment  which  is 
proportional  to  the  reflected  one,  produced  by 
Faraday  rotation  of  the  probing  beam,  at  the  wire 
grid  beam  recombiner.  In  the  present  experiment, 
only  the  amplitude  variation  is  detected.  The  di¬ 
rection  of  the  Bp//  can  be  detected  by  using  a 
phase  sensitive  detector,  which  is  controlled  by 
the  S j ,  in  our  recent  system. 

By  shifting  the  observation  points  shot  by  shot 
in  radial  direction  ,  temporal  variations  of  the 
fringeshift  (upper  trace)  and  Faraday  rotation 
angle  (lower  trace)  are  observed  as  shown  in 
Fig. 2.  One  vertical  division  is  0.5  V  for  both 
traces  in  each  pattern.  It  corresponds  to  0.8 
fringe  or  5.2  x  1020  m-2  of  nei  and  2  degree.  The 
minimum  detections  of  both  measurements  are  about 
0.1  fringe  and  0.1  degree,  respectively.  The  cali¬ 
bration  of  the  amplitude  of  the  Sp  is  executed  by 
rotating  the  half-wavelength  quartz  plate  in  the 
probing  beam  path. 

This  laser  wavelength  of  0.337  mm,  used  here, 
is  appropriate  for  the  measurement  of  JIPP  T- II  U 
in  considering  that  the  fringeshift  and  the  rota¬ 
tion  angle  are  moderate  and  the  refraction  effect 
is  negligiblly  small.  The  elliptical  polariza¬ 
tion5  due  to  the  toroidal  B  field,  2.9  T  in  the 
experiment,  however  can  not  always  be  neglected. 

RESULT  OF  THE  RECENT  EXPERIMENT 

Figure  3  (a)  and  (b)  show  the  temporal  varia¬ 
tions  of  the  fringeshift  and  Faraday  rotation  angle 
observed  in  the  recent  experiment.  They  are  ac¬ 
quired  and  displayed  by  the  super  mini-computer 
data  acquisition  system6  .  The  discharge  lasts 
about  400  ms  in  the  normal  operation.  However  it 
disrupts  abruptly  after  about  200  ms  often  in  the 
experiment. 

Figure  4  (a)  and  (b)  are  radial  profiles  of  the 
fringeshift  and  Faraday  rotation  angle  at  100,  200 
and  300  ms,  deduced  from  the  observed  patterns, 
such  as  Fig. 3,  at  different  radial  positions  under 
the  same  discharge  condition.  The  center  of  the 
vacuum  chamber  locates  930  mm  from  the  Tokamak 
center.  The  radius  of  the  chamber  is  245  mm.  The 
outer  wall  of  the  cahmber  locates  at  1175  mm  from 
Tokamak  center.  The  profiles  at  100  and  200  ms  are 
rather  smooth  before  the  disruption. 

We  are  preparing  a  6-channel  meter  with  refer¬ 
ence  to  the  present  experiment. 
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Fig. 2  Temporal  variations  of  fringeshift  (upper 
trace)  and  Faraday  rotation  angle  (lower 
trace  at  different  positions  of  JIPP  T-IIU. 


Fig.l  Schematic  diagram  of  the  experimental  setup. 


Fig. 3  Temporal  variations  of  (a)  fringe  shift  and 
(b)  Faraday  rotation  angle  at  R  =  1005  mm 
in  the  recent  experiment. 
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Fig. 4  Radial  profiles  of  (a)  fringeshift  and  (b)  rotation  angle  at  100,  200  and  300  ms. 
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Abstract 

A  six-channel  HCN  laser  interferometer  system 
has  been  developed  for  the  measurement  of  the 
electron  density  profile  in  the  JIPP  T-IIU  tokamak. 

The  optical  configuration  is  of  the  Michelson 
interferometer  type,  of  which  reflecting  mirrors 
are  directly  attached  on  the  wall  of  the  vacuum 
vessel.  This  optical  configuration  enables  the 
density  profile  measurements  by  the  multichannel 
laser  interferometer  with  a  small  optical  window. 

1.  Introduction 

In  recent  years  the  high  density  plasmas  in 
the  range  of  1030  nr3  have  been  achieved  in  tokamak 
devices  and  helical  devices.  For  the  measurements 
of  such  high  electron  density,  Infrared  laser  and 
Far-Infrared  laser  interferometers  have  widely  been 
used.  In  the  JIPP  T-IIU  tokamak1!,  the  maximum 
electron  density  is  about  10^0  m-3  an(j  the  plasma 
size  of  ap  =  23  cm.  An  HCN  laser  source  is 
considered  to  be  appropriate  for  the  probe  beam 
of  the  interferometer  from  the  view  points  of 
mechanical  stability  and  diffraction  effects  caused 
by  the  plasma. 

For  the  measurement  of  the  density  profile 
it  is  necessary  to  construct  a  multichannel  inter¬ 
ferometer  system.  Usually,  to  construct  a  multi¬ 
channel  assembly  it  is  necessary  to  equip  with  a 
large  sized  window  or  a  large  number  of  windows3). 
However,  this  requirement  is  not  always  satisfied 
in  toroidal  devices.  In  the  JIPP  T-IIU  device,  there 
are  no  windows  that  satisfy  such  requirements.  Then 
we  have  developed  a  Michelson  type  interferometer 
which  enables  us  to  measure  the  full  density  profile 
through  single  small  window. 

2.  Experimental  arrangement  and  results 

Figure  1  shows  a  schematic  drawing  of  the  optical 
configuration  of  a  6  -channel  HCN  laser  interferometer. 
A  high  power  HCN  laser3),  which  has  a  cavity  length 
of  5  m  and  the  maximum  output  power  of  0.5  W,  is 
installed  in  the  diagnostic  room  8  m  apart  from  the 
tokamak.  The  laser  beam  propagates  6  m  to  reach 
the  interferometer  through  a  dielectric  waveguide 
of  $59  mm  (Pyrex  glass).  The  laser  beam  is  divided 
into  6  probe  beams  and  a  reference  beam  by  the  beam 
splitters  (B.S. j_6)  made  of  quartz.  Each  probe  beam 
split  off  at  B.S. i_6  enters  into  the  vacuum  chamber 
through  a  quartz  window,  and  reflected  by  the  concave 
mirrors  made  of  stainless  steel  which  are  directly 


attached  on  the  wall.  In  order  to  read  the  phase 
shift  directly,  a  frequency  of  the  reference  beam 
is  Doppler  shifted  by  means  of  the  rotating  grating 
(Af  =  50  kHz).  The  reference  beam  is  matched  with 
the  probe  beams  at  B.S. 14-19  by  the  TPX  lens  L5. 

For  the  detection  of  the  interference  signals 
and  the  reference  signal,  compact  sized  Shottky 
barrier  diode  mixers  with  corner  cube  mount^)  are 
used,  which  give  higher  frequency  response  with 
good  signal  to  noise  ratio.  The  phase  difference 
between  probe  and  reference  signals  is  directly  read 
out  by  a  digital  counter,  which  enables  us  to  measure 
the  phase  shift  within  a  dynamic  range  of  16  x  2n 
with  an  accuracy  of  1/16  x  2u.  As  is  seen  in  Fig.l, 
this  interferometer  system  is  composed  of  2  inter¬ 
ferometers,  3  chords  (including  midplane  chord)  inter¬ 
ferometer  in  the  upper  side  of  the  plasma  column 
and  4  chords  interferometer  in  the  lower  side. 
Therefore,  it  is  possible  to  examine  up-down  asymmetry 
of  the  plasma  density  profile,  in  the  usual  opera¬ 
tion  regime  of  the  tokamak  plasma,  it  is  considered 
that  the  plasma  has  up  down  symmetry.  In  this  case 
this  interferometer  system  can  be  operated  as  6- 
channel  interferometer  in  a  half  plasma  radius. 

Figure  2  shows  the  effects  of  the  charge  of 
the  toroidal  magnetic  field  and  equilibrium  field 
on  the  interferometry  signals.  When  the  toroidal 
field  (Bt  =  2.9  T)  is  excited,  the  phase  of  the 
interferometer  gradually  shifts  and  becomes  a  constant 
value  during  flat  top  of  the  field,  where  the  plasma 
discharge  occurs  (t  =  2.5  s).  After  the  plasma 
discharge,  low  frequency  oscillations  appear  due 
to  the  mechanical  vibration.  The  amplitude  of 
the  vibration  is  about  13  ym  which  corresponds  to 
the  fringe  shift  of  1/13  fringe.  At  the  present 
system,  there  is  no  installation  of  visible  wave¬ 
length  interferometer  for  the  correction  of  the 
vibration,  so  that  the  noise  equivalent  average 
density  is  about  6  x  1017  nr3. 

Figure  3  shows  the  temporal  variations  of  the 
line  integrated  density  for  6  different  chords. 

The  plasma  discharge  starts  at  17  ms.  The  base 
lines  before  t  =  17  ms  contain  the  noise  signals 
from  the  vibration  of  the  vacuum  vessel  caused  by 
energizing  the  toroidal  coil.  It  is  found  that 
a  vibration-compensating  interferometer  is  not 
necessary.  The  Abel-inverted  profile  is  shown  in 
Fig. 3(b).  The  measured  density  profile  is  relatively 
uniform  at  the  start-up  phase  of  the  discharge  and 
well  fitted  by  ne(r)  =  ne(0)  [1  -  (r/a)3)111  at  the 
flat-top  phase,  where  the  index  m  is  between  1.0 
and  1.2. 
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4.  Conclusion 


We  have  developed  6-channel  HCN  laser  inter¬ 
ferometer  for  the  density  profile  measurement  on 
the  JIPP  T-I1U  tokamak.  The  optical  configuration 
is  of  the  Michel  son  interferometer  type,  of  which 
reflecting  mirrors  are  directly  attached  on  the  wall 
of  the  vacuum  vessel.  It  is  found  that  this  optical 
configuration  enables  us  the  density  profile  measure¬ 
ments  by  the  multichannel  laser  interferometer  with 
a  small  optical  window. 
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Fig.l  Schematic  drawing  of  6-channel 
HCN  laser  interferometer. 
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Fig. 2  Time  behaviours  of  line  integrated 
densities  for  3  different  chords. 


Fig. 3  (a)  Line  integrated  densities  for 
6  different  chords. 

(b)  Time  evolutions  of  the  density 
profile. 
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ABSTRACT 

A  formic  acid  laser  operating  at  433  pm  and  a 
gyrotron  which  is  step-tunable  in  the  range  75-330 
GHz  are  being  used  to  study  density  fluctuations 
in  a  small  tokamak  during  Alfvdn  wave  heating. 

The  scattering  systems  and  recent  results  will  be 
discussed. 


INTRODUCTION 

TORTUS,  a  small  tokamak  (R  -  0.44m,  a  -  0.10m) 
which  produces  a  30  ms  long  plasma  with  T  -  100 
eV,  is  being  used  to  study  Alfvdn  wave  hefting.  A 
60  kW  RF  pulse  is  applied  during  a  10  ms  interval 
to  three  pairs  of  antennas  located  at  different 
toroidal  positions.  A  fast  Alfvdn  wave  is  excited 
in  the  plasma  and  according  to  theory  [1]  mode 
conversion  to  a  kinetic  Alfv^n  wave  (which  is 
strongly  damped)  occurs  at  a  resonance  surface 
where  the  toroidal  propagation  velocity  coincides 
with  the  local  Alfvdn  velocity.  A  scattering 
system  employing  millimeter  and  subrailliraeter 
waves  is  being  used  to  investigate  electron 
density  perturbations  associated  with  these  waves. 


SCATTERING  DIAGNOSTICS 

Two  sources  are  being  used.  A  10W  gyrotron  which 
can  be  step-tuned  over  the  frequency  range  75  GHz 
-  330  GHz  (0.9  mm  -  4  mm)  is  used  in  conjunctions 
with  a  qua'sl-optical  antenna  to  produce  a  plane 
polarized  beam  as  shown  in  Fig.  1  (2]. 

The  other  source  is  a  10  mW  optically  pumped 
formic  acid  vapour  laser  operating  at  433pm  [3], 
Both  sources  can  be  used  in  a  far  forward 
scattering  arrangement  (4)  which  is  suitable  for 
detecting  perturbations  with  wavelengths  greater 
than  xWq  where  w^  is  the  beam  waist  radius.  The 
laser  can  also  be  used  for  conventional  finite 
angle  scattering  which  allows  detection  of 
perturbations  with  wavelengths  -  A/(2sin0)  where  X 
is  the  laser  wave  length  and  $  is  the  scattering 
angle  [5].  The  detection  system,  which  employs 
quadrature  RF  mixing  techniques,  is  shown  in  Fig. 
2.  The  amplitude  A  and  phase  $  of  the  signal  at 
the  wave  frequency  (5MHz)  from  the  detector  are 


calculated  from  the  outputs  of  the  detection 
system  which  give  Asin0  and  Acosfl. 


The  gyrotron  far  forward  scattering  system 
on  TORTUS 


The  detection  system  for  scattering  experiments 
on  TORTUS. 
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RESULTS 

The  first  results  from  the  far  forward  scattering 
system  with  the  laser  as  source  are  shown  in  Fig. 
3.  Similar  results  have  been  obtained  with  the 
gyrotron  as  the  source.  So  far,  no  evidence  of  a 
resonance  layer  has  been  found;  it  seems  likely 
that  the  present  results  can  be  explained  in  terms 
of  refraction  of  radiation  by  density 
perturbations  associated  with  the  fast  Alfvdn 
wave. 
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Figure  3 

Amptitude  and  phase  of  signal  from  the 
Schottky  diode  detector  used  in  the  laser  far 
forward  scattering  system  for  the  laser  beam 
passing  along  a  diameter  of  the  plasma 
(average  of  five  shots). 
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A  HIGH  POWER  CH30H  LASER  SYSTEM  USING  STARK  STABILIZED  C02  PUMP  LASERS* 

D.  P.  Hutchinson,  C.  A.  Bennett,'!’  J.  Lee,5  L.  K.  Fletcher/  C.  H.  Ma,  and  K.  L.  Vander  Sluis 

Oak  Ridge  National  Laboratory 
Oak  Ridge,  TN  37831 


ABSTRACT 

A  dual  channel,  119-pm  wavelength  laser  system 
has  been  constructed  for  the  ATF  experiment  at  Oak 
Ridge.  The  pump  lasers  utilize  external  Stark  cells 
for  locking  the  C02  laser  to  the  absorption  fre¬ 
quency  of  the  CH3OH  lasers.  Stark  plates  have  also 
been  attached  to  the  dielectric  waveguide  resonators 
of  the  FIR  lasers  to  affect  precise  tuning  of  the 
119  pm  lasers. 

SYSTEM  DESIGN 

A  119-pm  wavelength  multichannel  Interferometer 
has  been  constructed  for  the  Advanced  Toroidal 
Facility  (ATF)  at  the  Oak  Ridge  National  Laboratory. 
Two  CH3OH  dielectric  waveguide  lasers  with  23-mm- 
i.d.  x  240-cm-long  resonator  are  optically  pumped  by 
separate  C02  lasers.  Each  C02  pump  laser  utilizes  a 
curved  15-meter  radius  grating  with  a  flat  85% 
reflective  output  coupler.  The  zero  order  radiation 
from  the  gratings  are  directed  into  separate  Stark 
cells  used  to  lock  the  pump  lasers  on  the  CH3OH 
absorption  peaks  [1],  The  C02  laser  produces 
approximately  160  W  of  single  mode  power  on  the  9P36 


line  used  to  pump  the  alcohol  lasers.  The  prototype 
FIR  laser  developed  for  this  system  has  produced 
1.2  W  of  power  at  119  pm. 

In  order  to  improve  the  stability  and  tuning  of 
the  FIR  lasers,  Stark  plates  have  been  added  to  the 
FIR  resonator  tubes.  By  applying  a  d.c.  voltage  to 
these  plates,  the  FIR  frequency  may  be  adjusted  with 
greater  precision  than  with  a  mechanical  translation 
stage. 
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SIMULTANEOUS  MULTILINE  OPERATION  OF  A  FORMIC  ACID  LASER 
AND  APPLICATIONS 
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ABSTRACT  studies.  A  detailed  account  of  the  performance  of 

this  laser  is  availcble  elsewhere  [2]. 

A  formic  acid  laser  has  been  operated 
simultaneously  on  three  lines  of  a  cascade 

sequence  by  suitable  choice  of  the  resonator  APPLICATIONS 

length,  resulting  in  enhanced  power  on  all  three 

lines.  The  phenomenon  can  be  used  to  construct  a  A  phase-modulated  interferometer,  constructed 

phase-modulated  interferometer.  For  the  output  using  a  HCOOH  laser  operating  simultaneously  on 

coupler  used  which  exhibits  phase  anisotropy,  three  different  wavelengths  (A,  >  X2  >  As  )  as 

simultaneous  output  on  two  orthogonally  polarized  shown  in  Fig.  2,  has  been  described  previously 

lines  of  a  cascade  sequence  has  also  been  [3],  Fabry-Perot  ctalons  with  metal  mesh  mirrors 

obtrined.  are  used  as  filters  so  that  one  of  the  wavelengths 

A j  propagates  along  the  probing  arm  while  the 
other  two  propagate  along  the  reference  arm.  Each 
INTRODUCTION  detector  produces  a  beat  frequency  output  at  £1  — 

2f2  +  fs  where  ft  -  c/\l ,  etc.  For  all  three 

In  an  optically  pumped  submillimeter  (SMM)  laser  cascade.  sequences  studied  the  beat  frequency  is 

rotational  relaxation  can  lead  to  an  inverted 
population  for  cascade  transitions  of  the  directly 
pumped  rotational  transition  as  shown  in  Fig.  1. 

Thus,  if  the  resonator  length  is  adjusted  to  an 

appropriate  value,  laser  output  can  be  achieved  excited 

simultaneously  on  two  or  more  members  of  a  vibrational  State 

rotational  cascade  sequence.  Such  a  mode  of 
operation  of  a  HCOOH  laser  on  three  different 
cascade  sequences,  each  counsisting  of  three 
transitions,  has  been  reported  previously  (1). 

Under  such  conditions  the  power  of  each  lasing 
transition  is  enhanced  above  the  power  each  would 
produce  when  lasing  by  itself. 


THE  LASER 

The  HCOOH  laser  used  for  this  study  is  pumped  by  a 
50  W  beam  from  a  grating  tuned  CO2  laser  focused 
through  a  small  hole  in  one  of  the  SMM  resonator 
reflectors,  a  polished,  gold-plated  copper  mirror. 

The  other  reflector,  the  output  coupler,  is  an  ground 

aluminum  strip  grating  deposited  on  a  fused  vibrational  state 

quartz  substrate,  the  rear  surface  of  which  is 
coated  with  a  layer  of  Teflon  approximately 
one-quarter-wavelength  thick  to  minimize  the  Figure  1 

effect  of  multiple  reflections  of  the  SMM  beam 

within  the  substrate.  A  Pyrex  waveguide  of  length  Energy  levels  for  an  optically  pumped 

1.5m  and  internal  diameter  48  mm  was  used  in  these  submillimeter  laser. 
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Figure  2 

A  phase-modulated  interferometer  employing  a 
HCOOH  laser  operating  simultaneously  on  three 
different  cascade  lines. 


near  1  MHz.  A  change  in  optical  path  length  in  the 
probing  arm  of  the  interferometer  will  produce  a 
corresponding  change  in  phase  between  the 
radio frequency  signals  from  the  detector  Dl,  which 
monitors  the  beat  frequency,  and  the  detector  D2 
which  records  the  output  of  the  interferometer. 

Even  when  only  a  single  wavelength  output  is 
needed,  simultaneous  multiline  operation  can 
provide  a  means  of  significantly  increasing  the 
output  power  at  the  desired  wavelength  (1] 
provided  the  desired  line  can  be  efficiently 
separated  from  the  other  lines.  The  strip  grating 
output  coupler  [4]  used  in  this  laser  exhibits 
phase  anisotropy.  Thus  the  polarization  of  the 
output  can  be  switch  from  being  parallel  to  the 
strips  of  the  output  coupler  to  being 
perpendicular  by  a  small  change  in  resonator 
length  (5).  It  has  been  found  possible  to  operate 
the  laser  such  that  it  simultaneously  produces 
orthogonally  polarized  output  in  the  same 
tansverse  mode  on  two  lines  of  a  cascade  sequence 
[6],  This  provides  submillimoter  laser  operating 
at  two  wavelengths  which  can  be  readily  separated. 
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INTRODUCTION 

As  a  result  of  steady  progress  in  high  power  FIR 
lasers  and  sensitive,  low-noise  detection  systems, 
the  equipment  is  now  available  to  measure  the  ion 
temperature  (T;)  of  tokamak  plasmas  by  Thomson 
scattering  from  thermal  density  fluctuations.  Using 
a  laser  in  the  far-infrared  wavelength  range 
permits  scattering  angles  as  large  as  90°  which 
results  in  excellent  spatial  resolution  of  the 
measurement.  Heterodyne  receivers  built  around 
Schottky  barrier  diode  mixers  combine  high 
sensitivity  with  large  electrical  bandwidth  to  cover 
the  frequency  spread  of  the  scattered  radiation. 
After  a  first  demonstration  of  feasibility  was 
reported  by  Woskoboinikow  et  al  (1),  recent 
improvements  on  our  system  made  it  possible  for 
the  first  time  to  measure  T;  in  a  single  laser  shot. 

DESCRIPTION  OF  THE  EXPERIMENT 
For  our  experiment  on  the  TCA  tokamak  we  have 
chosen  the  optically  pumped  D20  laser  which  emits 
on  a  Raman  transition  at  385pm  (778.6  GHz)  when 
pumped  by  a  single  mode  C02  laser  tuned  to  the 
9R(22)  line.  The  D20  laser  has  an  unstable 
resonator  in  an  L-shaped  configuration  with  a  total 
length  of  4m.  A  free  standing  wire  grid  at  the 
vertex  allows  efficient  coupling  of  the  pump  beam 
into  the  cavity.  The  pump  energy  of  600J  in  a 
single  mode  pulse  of  i.4ps  duration  is  supplied  by 
a  C02  laser  system  comprising  a  hybrid-TEA  laser 
oscillator  and  an  e-beam  preionized  power 
amplifier.  At  a  filling  pressure  of  6.5mbar  of  D20 
the  FIR  laser  produces  0.5J  in  1.4ps  . 

The  optical  sytem  installed  on  TCA  has  been 
designed  to  focus  the  D20  laser  beam  to  a  waist  of 
3mm  at  the  plasma  centre  and  to  observe  the 
scattered  radiation  at  90°  within  a  solid  angle  of 
4.3  *  1 0-3sterad.  A  beam  dump  made  of  a 
PYREX-cone  and  a  viewing  dump  made  of  MACOR 
ceramic  have  been  installed  in  the  tokamak  vessel 
to  reduce  stray  light. 

A  heterodyne  receiver  comprising  20  channels 
(bandwidth  80MHz)  is  used  to  analyze  the  part  of 
the  spectrum  that  is  shifted  from  the  laser  line 
towards  higher  frequencies.  The  local  oscillator  is 
provided  by  a  c.w.  FIR  laser  (CD3C1)  emitting  at 
782.2  GHz  at  a  frequency  offset  by  3.6  GHz  from 
the  D20  laser.  Scattered  radiation  and  local 
oscillator  are  combined  in  a  quasi-optical  diplexer 
and  focused  onto  the  Schottky  diode  mixer 
(supplied  by  MPI  fur  Radioastronomie,  Bonn,  FRG). 
The-  signals  from  the  receiver  output  are  fed  into  a 
CAMAC-ADC  (LeCroy  2250L),  which  includes  a 
gated  integrator  and  a  buffer  memory.  After  each 
shot  the  data  from  12  channels  are  transfered  to 
the  main  computer  for  further  analysis. 


Calibration  of  the  receiver  system  using 
black-body  sources  yielded  a  noise  temperature  of 
8000  °K  (DSB).  A  beam  duct  filled  with  pure 
nitrogen  had  to  be  installed  to  avoid  absorption 
losses  due  to  humidity  in  the  air  along  the  10m 
path  from  the  tokamak  to  the  receiver  input. 

RESULTS 

Several  series  of  experiments  have  been  carried 
out  to  measure  the  ion  temperatures  of  plasmas 
with  different  majority  ions  (H+,  D+,  and  He++). 
Within  each  series  several  shots  with  identical 
plasma  parameters  (Nf  and  Te)  were  obtained  such 
that  the  data  could  be  averaged  to  improve  the 
signal-to-noise  ratio  of  the  T;  measurement.  The 
results  are  presented  in  fig.  1  where  3  spectra 
corresponding  to  H-,  D-,  and  He-plasmas  are 
superposed.  The  amplitudes  have  been  scaled  to 
allow  a  direct  comparison  of  the  halfwidth  of  the 
spectra.  The  decrease  in  the  halfwidth  with 
increasing  ion  mass  is  clearly  observed. 

At  high  plasma  densities  the  signal-to-noise  ratio 
was  sufficient  for  T;  measurements  in  a  single  shot. 
A  typical  result  for  a  H-plasma  is  shown  in  fig.  2  . 
The  solid  curve  gives  the  shape  of  the  spectrum 
obtained  from  the  fitting  routine.  For  the  given 
plasma  parameters  a  Tj  value  of  330  eV  was 
found.  A  summary  of  single  shot  measurements  for 
H-,  D-,  •  and  He-plasmas  is  presented  in  tablel. 
Since  the  other  plasma  parameters  were  constant 
within  each  series,  the  fluctuations  in  the  T;  values 
are  interpreted  as  the  uncertainties  of  the 
measurement.  The  relative  error  is  in  the  range  of 
20  to  30% 


The  influence  of  the  impuritiy  ions  and  the 
magnetic  field  on  the  shape  of  the  spectrum  is 
demonstrated  by  fig.  3  which  shows  calculated 
spectra  for  a  H-plasma.  It  can  be  seen  that  the 
contribution  from  impurities  (C,  O,  Fe)  in 
concentrations  typical  for  tokamak  plasmas  is 
restricted  to  the  central  part  of  the  spectrum. 
However,  the  existence  of  a  magnetic  field  almost 
perpendicular  to  the  difference  k-vector  leads  to  a 
noticeable  deformation  also  at  larger  frequency 
shifts.  For  the  series  of  measurements  reported 
here,  a  300MHz  band  starting  from  the  centre  of 
the  spectrum  has  been  excluded.  The  reason  is  that 
apart  from  the  influence  of  the  impurities,  whose 
concentrations  are  not  precisely  known,  this  band 
is  also  affected  by  stray  light  making  a 
quantitative  analysis  uncertain.  The  influence  of 
tne  magnetic  field  becomes  negligible  when  a 
scattering  geometry  is  chosen  that  avoids  the 
perpendicular  orientation  of  the  k-vector  to  the 
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B-field.  For  future  experiments  we  will  change  this 
angle  to  85°  which  should  make  the  interpretation 
of  the  spectra  easier. 

SUMMARY 

A  D20  FIR  laser  emitting  0.5J  in  1.4ps  at  385pm 
and  a  heterodyne  receiver  with  a  noise 
temperature  of  8000  °K  (DSB)  were  used  in  a 
Thomson  scattering  experiment  to  measure  the  ion 
temperature  of  a  tokamak  plasma  during  a  single 
laser  shot.  Series  of  measurements  under 
reproducible  plasma  conditions  have  been  carried 
out  in  H-,  D-,  and  He-plasmas.  Their  statistical 
analysis  yielded  a  typical  relative  error  of  25%  for 
a  single  shot  measurement. 


(1)  P.  Woskoboinikow,  W.J.  Mulligan,  J.  Machuzak,  D.R. 
Cohn,  R.J.  Temkin,  T.C.L.G.  Sollner,  and  B.  Lax,  "385pm 
D2O  Laser  Collective  Thomson  Scattering  Ion 

Temperature  Diagnostic",  11th  European  Conf.  on 

Contr.  Fusion  and  Plasma  Physics,  Aachen,  FRG,  5-9 
September  1983 

Figure  Captions  : 

Fig.l  Spectra  of  scattered  radiation  obtained  for 
different  ion  species 
H  :  hydrogen  plasma 

D  :  deuterium  plasma 

He:  helium  plasma 

Fig.  2  Thomson  scattering  from  a  H-plasma 

The  spectrum  has  been  recorded  in  a  single  laser 
shot. 

Fig.  3  Calculated  spectra  for  a  H-plasma 

(1)  no  impurities:  no  magnetic  field 

(2)  impurities  included  (C,  O,  Fe;  Zeff=2.5); 

no  magnetic  field 

(3)  no  impurities:  magnetic  field  at  89° 

(4)  impurities  included;  magnetic  field  at  89° 


Table  1  Summary  of  Tj  measurements 


H-Plasma  D-PIasma  He-Plasma 


Nc 

5.5*10  !9m-3 

5.3*10  I9m*3 

5.0*10  19m-3 

Te 

680  cV 

830  cV 

600  eV 

zeff 

2.5 

2.5 

2.7 

Tj(fit) 

250  eV 

310  eV 

380  eV 

320 

450 

430 

440 

320 

370 

230 

460 

410 

260 

220 

470 

370 

300 

260 

460 

480 

470 

300 

490 

270 

320 

450 

400 

mean 

330  (+-30)  eV 

390  (+-30)  eV 

390  (+-25)  cV 

stand. dev. 

80  eV 

100  eV 

80  eV 

rel. error 

25% 

26% 

20% 

Fig.l 


frequency  shift  1GHz) 


Fig.  3 
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DESIGN  AND  CALIBRATION  OF  A  TWO-CHANNEL  LOW  NOISE  HETERODYNE  RECEIVER  AT  10.6  MICRONS* 

C.  A.  Bennett.t  R.  K.  Richards,  and  D.  P.  Hutchinson 

Oak  Ridge  National  Laboratory 
Oak  Ridge,  TN  37831 


ABSTRACT 

A  dual  channel,  low  noise  heterodyne  receiver 
has  been  constructed  for  Thomson  scattering  from 
alpha  particles  in  a  burning  plasma  experiment.  A 
real  time  calibration  method' has  been  devised  which 
references  the  integrated  system  noise  to  a  blackbody 
source.  Two  wideband  (>lGHz)  HgCdTe  photovoltaic 
mixers  yield  a  double  sideband  system  noise  equiva¬ 
lent  power  of  less  than  1.5  x  10-20  W/Hz. 

INTRODUCTION 

It  has  been  established  that  heterodyne  spectros¬ 
copy  of  Doppler  shifted  Thomson  scattered  C02  laser 
radiation  can  provide  a  method  for  determining  the 
kinetics  of  fusion  produced  alpha  particles  [1]. 
Signal  levels  expected  for  this  experiment  require 
that  the  sensitivity  of  the  receiver  system  be  moni¬ 
tored  constantly  for  neutron  induced  transmission 
changes  in  the  optical  train  as  well  as  for  alignment 
perturbations  due  to  movement  of  the  reactor  vessel. 
We  describe  a  simple  method  for  producing  an  absolute 
broadband  sensitivity  calibration  by  referencing  the 
output  of  the  receiver  to  a  blackbody  standard;  this 
technique  will  provide  any  receiver  system  with  an 
accurate  measure  of  system  noise  and  is  routine 
enough  to  be  used  as  a  real  time  check  for  receiver 
sensitivity  changes. 

For  a  reversed  bias  photovoltaic  photomixer,  the 
optimum  noise  equivalent  power  per  unit  frequency 
interval  (NEP)  [2]  has  contributions  from  both  shot 
noise  and  from  thermal  noise.  Contributions  from 
the  signal  power  and  from  the  noise  power  appear  at 
the  output  of  the  preamplifier;  this  signal  is  sub¬ 
sequently  rectified,  averaged,  and  amplified  to  give 
a  d.c.  output  linearly  proportional  to  the  signal 
power.  The  post  detection  signal  to  noise  ratio 
accounts  for  this  signal  averaging,  and  is  given  by 
[3] 

SNRpd  =  ✓Bx+T  (1) 

where  B  =  IF  bandwidth,  x  =  signal  integration  time, 
Ps  =  signal  power  and  Pfj  =  noise  power. 

Figure  1  shows  the  calibration  setup.  Each  diode 
had  a  bandwidth  in  excess  of  1  GHz.  The  chopper 
wheel  was  covered  with  an  absorbing  layer  of  high 
emissivity  material  and  was  maintained  at  room  tem¬ 
perature  while  a  variable  temperature  blackbody 
source  produced  the  signal  power.  An  objective  ZnSe 
lens  forms  a  reverse  projection  of  the  LO  beam  which 
fits  entirely  within  the  aperture  of  the  blackbody 
source.  Each  amplifier  had  33  dB  of  gain,  a  noise 
figure  of  1.3  and  a  1  GHz  bandwidth.  An  RF  diode 
rectified  the  amplified  signal  and  this  voltage  was 


Figure  1. 
Calibration  setup 


measured  with  a  digital  voltmeter.  The  a.c.  compo¬ 
nent  of  the  rectified  signal  was  analyzed  by  a  lock 
in  amplifier  referenced  by  the  chopper. 

Figure  2  illustrates  the  signal  at  the  input  of 
the  lock  in  amplifier.  The  rectified  IF  signal  is 
modulated  beneath  an  approximately  square  wave 
envelope  at  the  chopping  frequency.  Since  the 
heterodyne  signal  is  generated  over  a  double  side 
band,  we  obtain  [4] 


NEP  =  2  Vdc/a  Vac 

-  \  (PB  -  PR)  -  2Pr  (2) 

where  a  accounts  for  the  fact  that  the  lock  in 
amplifier  measures  only  the  fundamental  component  of 
the  modulating  envelope;  our  chopper  wheel  aperture 
and  LO  beam  shape  gave  a  =  2.26. 


Figure  2. 

Signals  used  for  calibration 
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RESULTS 

Under  broadband  conditions,  our  wide  bandwidth 
mixers  gave  voltage  levels  consisting  of  an  a.c. 
component  of  around  0,5  mv  and  a  d.c.  component  of 
about  10-20  mv;  these  voltages  were  conveniently 
monitored  on  an  oscilloscope  placed  across  the  RF 
diode  as  the  system  alignment  and  L0  power  were 
adjusted  for  optimum  receiver  performance.  The 
system  noise  levels  and  quantum  efficiencies  were 
easily  optimized  to  values  close  to  the  performance 
parameters  of  the  individual  photomixers. 
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Abstract 

A  high  temperature  (T  =  500°C)  radiation  source 
has  been  developed  for  the  calibration  of  electron 
cyclotron  emission  measuring  system  on  the  JIPP  T-IIU 
tokamak.  The  source  has  a  heated  area  of  $150  mm, 
and  has  the  same  emissivity  as  that  of  the  microwave 
absorber  Eccosorbe.  The  grating  polychromator  has 
been  calibrated  using  the  radiation  source  developed. 
The  obtained  electron  temperatures  agree  with  those 
by  Thomson  scattering  within  10  %. 

1.  Introduction 

The  measurement  of  electron  cyclotron  emission 
(ECE)  is  powerful  diagnostics1-3)  for  high  tem¬ 
perature  plasmas.  When  the  plasma  emits  and 
absorbes  the  radiation  as  a  black  body,  it  is 
possible  to  determine  the  electron  temperature  pro¬ 
file  simply  from  the  measured  spectrum  of  ECE.  In 
order  to  determine  the  absolute  value  of  the  electron 
temperature  from  the  ECE  measurements,  the  normariza- 
tion  of  the  spectrum  to  the  Thomson  scattering  values 
has  widely  been  used.  When  the  ECE  diagnostics  can 
be  calibrated  absorlutely  without  helps  of  any  other 
plasma  diagnostics,  they  would  be  more  useful  for 
measuring  electron  temperature.  However,  there  exist 
no  suitable  radiation  sources  in  the  region  of  sub¬ 
millimeter  and  millimeter  waves.  Then,  a  new  high 
temperature  (T  =  500°  C)  radiation  source  has  been 
developed  for  the  calibration  of  ECE  measurments 
in  the  JIPP  T-IIU  tokamak^). 

2.  High  Temperature  Radiation  Source 

The  radiation  source  is  composed  of  a  heater 
plate  (Cu,  $190  mm  x  t  40  mm)  and  a  radiation  plate 
(Macor,  $150  mm  x  t  30  mm).  The  size  of  the 
radiation  source  is  determined  from  the  following 
considerations;  (1)  it  has  wide  aparture  which  is 
larger  than  the  main  lobe  of  the  antenna  pattern, 

(2)  it  has  a  large  heat  capacity  to  give  good  temper¬ 
ature  stability  and  (3)  it  can  be  heated  up  to  the 
temperature  of  500°C  with  good  temperature  uniformity 
across  the  radiation  surface.  We  have  adopted  the 
Macor  as  a  radiation  material  from  the  view  points 
of  its  high  absorption  coefficient  compared  with 
common  ceramics  and  fused  silica  and  its  excellent 
machinability.  The  complex  optical  and  dielectric 
parameters  of  Coning  Macor  has  been  measured  by 
M.  N.  Afsar  and  Kenneth  J.  Button3).  The  absorption 
coefficient  increases  monotonically  with  increasing 
frequency.  For  the  wavelength  of  1/A.  =  5-7  cm-1 
where  the  second  harmonic  ECE  appears  in  JIPP  T-IIU, 
the  absorption  coefficient  is  in  the  region  of  2 
-  3  Neper/cm. 


The  temperature  of  the  source  is  measured  by 
the  use  of  thermocouples  and  a  thermoviewer  (JTG- 
IBL,  JEOL  LTD.,  Japan)  which  operates  in  the  wave¬ 
length  region  of  8  -  13  urn.  Figure  1  shows  the 
thermogram  of  the  radiation  source  measured  by  the 
thermoviewer.  The  temperature  distributions  along 
the  crossed  hair  are  shown  on  the  left  side  and 
lower  side  in  the  figure.  The  temperature  scale 
is  3°C/div.  It  is  found  tnat  the  temperature  varia¬ 
tion  across  the  source  surface  is  less  than  ±5  K 
at  the  temperature  of  369°C. 

The  radiation  spectrum  emitted  from  the  source 
was  measured  using  a  Martin-Pullet  Fourier  transform 
spectrometer.  Figure  2  shows  the  normarized  spectrum 
of  the  radiation  from  the  Macor  to  that  from  a 
microwave  absorber  (Eccosorbe).  The  emissivity 
of  the  Macor  is  found  to  be  the  same  value  as  the 
Eccosorbe  in  the  frequency  range  of  100-500  GHz. 

The  microwave  absorber  at  the  Liq.N2  temperature  has 
been  used  for  the  calibration  of  ECE1’  3), 
because  it  has  a  high  emissivity  at  the  millimeter 
wavelengths.  The  effective  temperature  difference 
from  the  room  temperature  is  low  (Tg  =  216°K),  so 
that  it  is  necessary  to  accumulate  the  output  signals 
for  a  long  time  to  achieve  enough  signal  to  noise 
ratio.  On  the  other  hand,  in  the  case  of  the  Macor 
we  can  get  about  two  times  effective  temperature 
difference  compared  with  the  Eccosorbe,  which  results 
in  not  only  a  reduction  of  the  calibration  time 
but  also  an  improvement  of  an  accuracy  of  the  calibra¬ 
tion  data. 

3.  Calibration  of  the  Grating  Polychromator 

The  calibration  measurements  using  the  developed 
source  have  been  carried  out  for  a  10  channel  grating 
polychromator3).  The  radiation  from  the  source 
is  chopped  at  the  frequency  of  38  Hz  and  detected 
by  Liq.  He  cooled  indium  antimonide  hot  electron 
bolometers.  In  order  to  increase  the  signal  to 
noise  ratio,  the  output  signal  is  amplified  with 
a  lock-in  mode  at  the  time  constant  of  128  s.  Figure 
2  shows  the  relation  between  the  CH5  output  signal 
of  the  polychromator  and  the  surface  temperature 
of  the  Macor.  The  calibrated  responsivity  is  found 
to  be  about  690  eV/V  which  is  within  10  %  of  those 
with  Thomson  scattering. 

4.  Conclusion 

A  new  high  temperature  radiation  source  has 
been  developed  for  the  calibration  of  ECE  in  the 
JIPP  T-IIU  tokamak.  It  has  an  emissivity  of  0.95- 
1.0  in  the  frequency  range  of  100  -  500  GHz.  The 
temperature  stability  is  about  0.5%/hour  at  the 
temperature  of  'v  400°C,  and  the  temperature  nonuni- 
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fortuity  across  the  surface  is  less  than  2  %.  It 
is  found  that  the  absolutely  calibrated  temperatures 
are  consistent  with  those  measured  by  the  Thomson 
scattering. 
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Fig. 2  Normarized  spectrum  of  the  radiation  from 
the  Macor  to  that  from  the  Eccosorbe. 


Fig. 3  Dependence  of  the  CH5  ECE  intensity  on  the 
surface  temperature  of  the  Macor. 


Fig. 1  Two-dimensional  distribution  of  the  surface 
temperature  measured  by  the  Thermoviewer. 


A  STARK-TUNED  CH..OH  LASER  FOP.  USE  IN  HIGH 
FREQUENCY  MODULATED  INTERFEROMETRY 
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Princeton,  New  Jersey  08543  USA 

ABSTRACT  this  fact  for  the  purposes  outlined  above,  a  Stark- 

tuned  CH^OH  laser  was  constructed  which,  when  operating 
A  Stark-tuned  laser  operating  on  the  119  micron  on  the  119  micron  line,  can  not  only  achieve  doublet¬ 
line  of  CH3OH  has  delivered  reasonably  high  power  splitting  frequencies  (and  therefore  modulation  freq- 

(several  tens  of  milliwatts  at  30  Watts  of  pump  power)  uencies  in  a  dual  laser  system)  much  higher  than  1  MHz, 
while  simultaneously  exhibiting  a  doublet  splitting  but  also  can  deliver  power  levels  that  are  high  enough 
of  about  10  MHz,  which  is  an  order  of  magnitude  larger  for  multi-channel  interferometric  operation, 
than  the  modulation  frequencies  currently  being  used  The  1  meter  long  FIR  resonator  tube  consists 

in  plasma  interferometers.  Because  the  resonator  of  a  2  mm  thick  rectangular  pyrex  tube  with  inside 
design  has  allowed  the  attainment  of  both  high  dimensions  of  22  mm  x  9.5  mm.  Polished  brass  elect- 

power  and  high  doublet  splitting,  this  type  of  laser  rodes  were  epoxied  to  the  larger  inside  faces  of  the 

would  be  usable  in  . the  type  of  multi-channel  tube  and  the  entire  waveguide  assembly  was  placed 

interferometers  currently  employed  on  the  large-  inside  a  cylindrical  water  jacket.  A  flat  copper 

scale  plasma  devices  being  used  in  magnetic  fusion  mirror  with  a  4  mm  hole  is  used  as  the  input  coupler 

research.  while  a  standard  silicon  hybrid  coupler  with  a  6  mm 

aperture  is  employed  to  couple  out  the  FIR  power. 

INTRODUCTION  Because  the  electrodes  are  located  inside  the 

_  .  ,  .  .  rectangular  pyrex  tube,  the  walls  of  the  FIR  resonator 

Interferometric  measurements  of  the  plasma  can  be  cooled  without  concern  about  electrical  break- 
electron  density  on  the  present  generation  of  large  down  ln  ^e  cooling  liquid  during  the  application  of 
magnetic  fusion  experiments  is  Using  carried  out  the  Stark  field.  Wall  cooling,  in  turn,  allows  the 

with  the  use  of  modulated  far-infrared  (FIR)  lasers,  attainment  of  enhanced  FIR  powers  (3). 

In  the  majority  of  existing  systems  the  modulation  of 

the  laser  beam  is  accomplished  either  by  mechanical  Using  the  resonator  herein  described,  FIR  out- 

means  -  for  instance  by  a  rotating  grating-  or  by  put  powers  of  several  tens  of  milliwatts  have  been 

optical  means  involving  the  beating  together  of  two  achieved  at  a  pump  power  of  39  Watts.  Simultaneously, 

frequency-shifted  FIR  lasers.  In  the  former  case,  doublet  splitting  of  about  10  MHz  have  been  observed 

modulation  frequencies  are  limited  by  mechanical  with  the  application  of  a  Stark  field  of  only  about 

considerations  to  104  -  10sHz  while  in  the  latter  500  volts/cm.  In  addition,  the  familiar  non-linear 

case  modulation  is  limited  to  about  1  MHz  because  of  Hanle  effect  has  been  observed  with  this  resonator  (1). 

the  very  narrow  gain  bandwidth  exhibited  by  submill i-  Because  the  efficiency  of  this  laser  compares 

meter  lasers.  In  practice,  because  the  modulation  reasonably  well  with  that  observed  in  the  standard 
frequency  is  so  low,  the  most  nagging  problem  remaininghol low-dielectric  type  of  FIR  resonator,  and  because 
with  these  interferometric  systems  is  the  loss  of  the  achievable  modulation  frequency  is  an  ofder  of 
fringe  count  due  to  the  rapid  changes  of  density  in  magnitude  higher,  the  Stark-tuned  laser  may  find  use 

the  plasma  device.  The  rapid  density  changes  <'-e  Tn  the  next  generation  of  FIR  interferometers  on  large- 

caused  by  the  injection  of  solid  pellets  into  the  scale  magnetic  fusion  devices  such  as  CIT. 
plasma  core,  by  sudden  loss  of  confinement  due  a 

major  plasma  disrutpion,  or  by  fast  MHO  activity  This  work  supported  by  US  DOE  Contract  No.  DE- 

excited  in  the  plasma  core.  Each  of  these  phenomena  AC02-76-CH0-3073. 
have  been  the  cause  of  density  changes  which  were  rapid 

enough  to  cause  fringe  loss  in  the  TFTR  interferometer  REFERENCES 

system,  which  employs  two  CH3OH  lasers  operating  at 

119  microns  and  has  a  modulation  frequency  of  1  MHz(l).(l)  jj.k.  Mansfield,  H.K.  Park,  L.C.  Johnson, 

Interferometric  systems  on  future  pellet-fueled  H.S*.  Anderson,  R.  Chouinard,  V.S.  Foote,  C.H.  Ma, 

plasma  devices,  such  as  CIT,  should  be  hardened  and  B.J.  Clifton,  Appl .  Opt.  26,  (1987)  4469. 

against  fringe  loss  if  they  are  to  be  used  as  critical  (2)  g.  Bionducci ,  M.  Inguscio,  A.  Moretti ,  and 
diagnostics.  A  way  of  hardening  against  fringe  loss  is  f.  Strumia,  Infrared  Phys.  19,  (1979)  297. 

to  increase  the  modulation  frequency  above  the  1  MHz  (3)  d.k.  Mansfield,  E.  Horlbeck,  C.L.  Bennett,  and 

region.  However,  to  be  of  use  in  a  practical  multi-  r.  Chouinard,  Int.  J.  of  Infrared  and  Millimeter 

channel  interferometer,  the  output  power  of  any  Waves  6,  (1985)  867. 

frequency-shifted  laser  must  be  in  the  range  of 
10  -  100  mW  or  higher. 

LASER  DESIGN  AND  RESULTS 

Bionducci  has  demonstrated  that  the  gain  curve 
of  the  119  micron  line  of  CH,0H  breaks  into  two  dis¬ 
tinct  gain  curves  under  the  influence  of  an  externally 
applied  electric  field  and  that  the  frequency  differ¬ 
ence  between  this  doublet  is  linearly  proportional  to 
the  electric  field  strength  (2).  In  order  to  exploit 
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ON  MILLIMETER  WAVE  PROPAGATION 
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Georgia  Institute  of  Technology 
Atlanta,  Georgia  30332 

R.  J.  Hill  and  S.  F.  Clifford 
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ABSTRACT 

Atmospheric  turbulence,  which  is  a  readily  observed  phenomenon  at  visible  wavelengths, 
also  causes  fluctuations  in  intensity  and  phase  at  millimeter  wavelengths.  This  paper 
describes  a  series  of  experiments  conducted  at  a  site  near  Flatville,  IL  which  measured 
these  effects  at  a  broad  range  of  MMW  frequencies  in  clear  air,  rain,  fog,  and  snow.  It  was 
found  that  the  maximum  rms  intensity  fluctuations  observed  were  14%  of  the  mean,  while  the 
largest  rms  angle-of-arrival  fluctuations  were  36  microradians.  Discussions  of  the  experi¬ 
mental  arrangement,  as  well  as  results  obtained  in  measuring  the  probal  rty  distribution 
functions  of  fluctuations,  the  mutual  coherence  function,  spectral  densities,  and  pertinent 
atmospheric  parameters  will  be  presented. 

1.  INTRODUCTION 

The  major  effect  of  the  atmosphere  on  MMW  propagation  is  attenuation,  but  a  series  of 
experiments  conducted  by  personnel  from  Georgia  Tech,  NOAA,  and  the  U.S.  Army  Atmospheric 
Sciences  Laboratory  during  1983-85  have  shown  that  atmospheric  turbulence  may  also  cause 
marginal  degradation  of  MMW  systems.  As  in  the  propagation  of  visible  and  near-infrared 
radiation,  the  effects  of  turbulence  may  be  measured  by  the  magnitude  of  the  index  of  re¬ 
fraction  structure  parameter  Cn2,  but  unlike  these  other  wavelength  ranges,  Cn2  'comprises 
contributions  from  the  humidity  and  temperature-humidity  cross-structure  parameters  Cq2  and 
Ctq,  as  well  as  the  temperature  structure  parameter  C?2  [1,2,3].  The  next  section  discusses 
the  experimental  configuration  used  to  measure  atmospheric  fluctuations  and  the  metrologi¬ 
cal  instrumentation  used  to  characterize  the  atmosphere  during  these  experiments.  Section  3 
gives  some  selected  results,  followed  by  conclusions  in  Section  4. 

2 .  EXPERIMENT 

The  MMW  turbulence  experiments  were  conducted  at  a  site  near  Champaign-Urbana ,  Illinois, 
at  the  town  of  Flatville,  a  site  chosen  for  its  exceptional  flatness  and  fetch.  These 
characteristics  are  desirable  for  atmospheric  experiments  because  the  atmosphere  is  con¬ 
sidered  to  be  homogeneous  under  these  conditions.  Figure  1  is  a  photograph  of  the  trans¬ 
mission  range  viewed  from  the  transmitter  site  to  the  receiver  site.  South  to  North.  The 
transmitter  was  mounted  in  a  small  step-van  truck  placed  upon  a  mound  of  earth  so  that  the 
transmitter  and  receiver  apertures  were  at  the  same  height.  The  receiver,  located  at  a 
range  of  1374  m,  comprised  four  apertures  spaced  up  to  10m  apart,  so  that  phase  relation¬ 
ships  for  the  six  different  aperture  spacings  could  be  measured.  The  atmosphere  was  charac¬ 
terized  by  two  meteorological  instrumentation  stations,  two  propagation  paths  for  deter¬ 
mination  of  visible  Cn2,  two  optical  rain  gauge  paths,  particle  size  spectrometers,  and 
several  weighing-bucket  rain  gauges.  Figure  2  is  a  diagram  of  the  propagation  path  showing 
the  range  and  the  relationships  of  the  instrumentation  to  it. 

Measurements  were  made  at  116,  142,  173,  and  230  GHz.  It  has  been  shown  that  the 
clear-air  results  obtained  at  these  frequencies  may  be  readily  scaled  to  other  frequencies 
of  interest  [4].  The  transmitter  used  CW  phase-locked  klystron  oscillators  feeding  an  off¬ 
set  paraboloid  antenna.  The  receiver  antennas  were  polyethylene  lenses  fed  by  corrugated 
horns,  and  local  oscillator  distribution  to  the  four  receivers  was  effected  by  an  optical 
beam  waveguide  system.  The  receiver  local  oscillator  was  also  a  phase-locked  klystron, 
and  was  operated  nominally  at  one-half  the  transmitter  frequency,  so  that  harmonic  mixers 
were  required.  The  first  intermediate  frequency  was  930  MHz,  and  a  second  conversion  gave 
an  IF  of  30  MHz  so  that  the  phase-shifting  operations  and  calibration  necessary  for  deter¬ 
mination  of  the  mutual  coherence  function  could  be  conveniently  effected. 

3 .  RESULTS 

It  was  found  during  this  series  of  measurements  that  the  magnitudes  of  intensity  and 
phase  fluctuations  are  such  as  to  cause  marginal  degradation  of  MMW  systems  performance. 

One  of  the  largest  rms  intensity  fluctuations  observed  on  a  hot,  humid  summer  day  was  14% 
of  the  mean  intensity,  and  a  comparable  rms  angle-of-arrival  (AOA)  fluctuation  was  36  micro¬ 
radians.  Fluctuation  levels  observed  in  inclement  weather  were  generally  smaller  than  those 
observed  in  clear  air.  Figure  3  shows  a  probability  distribution  function  of  intensity 
observed  at  230  GHz  in  light  rain.  The  different  peaks  in  this  distribution  probably 
correspond  to  different  rain  rates.  The  corresponding  phase  PDF  is  shown  in  Figure  4,  and 


appears  to  be  Gaussian,  as  one  would  expect  for  clear  air,  indicating  that  varying  rain 
rates  have  little  effect  on  the  phase  PDF,  even  though  the  intensity  PDF  is  significantly 
affected.  The  rms  values  for  the  corresponding  PDFs  observed  in  clear  air  are  significantly 
larger. 

4 .  CONCLUSIONS 

The  results  of  the  series  of  MMW  turbulence  measurements  made  at  Flatville  indicate 
that  there  is  some  cause  for  concern  for  the  MMW  systems  designer,  expecially  in  con¬ 
sidering  the  AOA  fluctuation  levels.  Also  of  concern  is  the  fact  that  these  levels  may 
be  higher  for  propagation  paths  over  water  or  under  high  humidity  conditions,  such  as  in 
the  tropics.  The  fabrication  of  a  MMW  Cn2  meter  similar  to  those  used  for  characterization 
of  turbulence  at  visible  wavelengths  would  be  useful  for  evaluation  of  turbulence  effects 
under  these  conditions.  This  work  was  sponsored  by  the  U.S.  Army  Research  Office,  Contract 
No.  DAAG29-81-K-0173. 
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Figure  1.  Photograph  of  propagation  range  Figure  2.  Diagram  of  experiment  showing 
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Abstract 

A  practical,  PC-operated  atmospheric  propagation  model  (MPM)  was  developed  by 
ITS  that  predicts  attenuation  (dB/km)  and  delay  (ps/km)  rates  for  frequencies 
between  1  GHz  and  1  THz.  Input  variables  are  barometric  pressure,  ambient 
temperature,  relative  humidity,  hygroscopic  aerosol  concentration,  suspended 
water  or  ice  droplet  concentration,  and  rain  rate.  Details  of  the  MPM  code 
are  discussed  briefly,  model  predictions  are  presented,  and  comparisons  with 
data  from  propagation  experiments  studying  water  vapor  and  fog  effects  (50  to 
430  GHz)  are  shown. 
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ABSTRACT 

Total  atmospheric  attenuation  under  conditions  of 
cloud  cover  was  measured  at  frequencies  of  15  and 
35  GHz  using  the  sun  as  a  source.  Over  300  sets  of 
data  were  collected  at  each  frequency.  An  algorithm 
for  estimating  the  slant  path  attenuation  under  con¬ 
ditions  of  cloud  cover  as  a  function  of  elevation 
angle,  frequency  and  surface  absolute  humidity  was 
derived. 

INTRODUCTION 

In  this  paper,  cloud  attenuations  were  inferred 
from  extinction  measurements  using  the  sun  as  a 
source.  Measurements  were  made  at  frequencies  of  15 
and  35  GHz  during  sunrise  and  sunset  at  elevation 
angles  from  near  the  horizon  up  to  20°.  Preliminary 
results  obtained  from  these  data  were  reported 
Of  these  data,  58  sets  were  designated  "clear  sky”; 
these  results  have  been  compared  with  theoretical 
values  and  have  been  published  t2l.  The  remaining 
data  were  divided  into  two  categories:  if  there  was 
total  cloud  cover  during  the  course  of  the  measure¬ 
ments,  such  that  the  sun  was  not  visible,  then  these 
data  were  designated  "cloud";  if  conditions  were 
those  of  partial  cloud  cover,  the  data  were  desig¬ 
nated  "mixed  cloud". 

THEORETICAL  CONSIDERATIONS 

Attenuation  by  cloud  is  a  complex  function  of 
the  particle  size  distribution,  density,  temperature, 
index  of  refraction,  wavelength  and  cloud  extent. 

The  attenuation  is  primarily  due  to  absorption  by  the 
cloud  droplets;  scattering  losses  are  secondary.  For 
uniform  cloud  cover  it  is  reasonable  to  assume  that 
the  attenuation  is  proportional  to  the  distance 
through  the  cloud.  Thus  the  total  attenuation  should 
be  proportional  to  the  cosecant  of  the  elevation 
angle.  For  low  elevation  angles  the  following  distance 
expression  for  a  curved  earth  has  been  derived  using 
the  law  of  cosines  (21. 

D  (9)  “  [(a  +  h  )  2-a  2  cos  20]  1/2  -  a  sin  9  (1) 

e  e  6  e 

9  =  elevation  angle 

D(9)  *>  distance  through  the  attenuating  layer 
ae  »  effective  earth  radius  (Km) 

he  =  effective  height  of  the  attenuating  layer  (Km) 

The  effective  height  hg  of  the  attenuating  atmos¬ 
phere  is  defined  as  follows.  If  all  of  the  oxygen, 
water  vapor  and  cloud  liquid  water  in  the  atmosphere 
were  compressed  into  a  uniform  layer  having  a  weighted 
density  equal  to  that  of  the  oxygen,  water  vapor  and 
cloud  liquid  water  at  the  earth's  surface,  then  the 
height  of  that  layer  is  designated  as  the  effective 
height  of  the  attenuating  medium.  We  have  assumed 
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that  the  attenuation  A(9)  is  proportional  to  the 
distance  through  the  lower  atmosphere  D  (0). 

A  (9)  =  a0  +  ax  D  (0)  (2) 

But  as  the  distance  D(0)  approaches  zero,  the  attenu¬ 
ation  A(0)  also  approaches  zero.  Thus  for  a0  =  0  we 
would  like  to  determine  a  value  for  ax  which  produces 
a  best  fit  for  the  regression  line. 

RESULTS 

The  surface  absolute  humidity  and  surface  refrac- 
tivity  were  computed  from  the  surface  temperature, 
dew  point  and  pressure.  The  effective  earth  radius 
was  then  computed  from  the  surface  refractivity.  A 
linear  regression  of  attenuation  vs  distance  through 
the  attenuating  layer  was  conducted  for  a  set  of 
effective  heights  of  the  atmosphere  ranging  from  .1 
to  8  km  in  .1  km  intervals.  For  each  set  of  data  the 
standard  error  was  calculated  and  plotted  as  a  func¬ 
tion  of  effective  height;  the  effective  height  which 
produced  the  minimum  standard  error  was  selected  as 
the  effective  height  of  the  atmosphere.  With  ae  and 
he  determined,  A(0)  was  then  plotted  as  a  function  of 
D(0).  With  (2),  a  regression  line  with  slope  ai  was 
computed.  The  corresponding  set  of  zenith  attenu¬ 
ations  was  then  computed  by  multiplying  the 
attenuation  coefficients  by  the  effective  heights. 

For  cloud  conditions  that  were  designated  uni¬ 
form,  the  angle  dependence  of  the  attenuation  was 
comparable  to  that  for  clear  sky  conditions  U). 
Typical  attenuations  are  shown  in  Fig.  1.  For 
comparison,  clear  sky  attenuations  for  approximately 
the  same  surface  absolute  humidity  and  effective 
height  are  also  shown.  Note  the  high  correlation  of 
attenuation  with  the  distance  turough  the  attenuating 
atmosphere.  As  expected,  the  tenuation  produced  by 
complete  cloud  cover  is  highei  than  that  for  clear 
sky. 

A  zenith  attenuation  was  extrapolated  from  each 
set  of  data  which  was  considered  representative  of 
uniform  cloud  cover;  that  is  the  attenuation  had  a 
linear  dependence  on  the  distance  through  this  atmos¬ 
phere.  The  zenith  attenuations  were  then  plotted  as 
a  function  of  the  surface  absolute  humidity  and  a  re¬ 
gression  analysis  was  done  on  these  data.  In  Fig.  2 
123  zenith  attenuations  for  cloud  conditions  are 
plotted  as  a  function  of  surface  absolute  humidity 
for  frequencies  of  15  and  35  GHz.  Regression  lines 
were  derived  where  aD  is  the  dry  term  coefficient 
corresponding  to  the  oxygen  attenuation  and  aw  is 
the  wet  term  coefficient  which  corresponds  to  the 
water  vapor  and  liquid  water  attenuations.  For 
complete  cloud  cover, 

A 


15  GHz  =  .051  +  .0047p 

(3) 

A 

35  GHz  =  .182  +  .0161p 

(4) 

where  p  is  in  gm/ra3  . 
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The  regression  line  statistics  are  summarized  In 

Table  1.  TABLE  1 


In  this  paper  we  assume  that  cloud  attenuation  has 
a  frequency  dependence  simlliar  to  that  of  fog 
Altshuler  [3].  Since  it  is  not  practical  to  obtain 
the  temperature  of  the  liquid  water  content  of  the 
cloud,  a  nominal  value  of  lO'C  was  assumed.  The 
resulting  expression  for  the  zenith  attenuation  for 
complete  cloud  cover  is 

As  (X.p)  -  (  -  -0242  +  .00075X  +  .403)  (11.3  +  p)  (5) 


where  Az  is  in  dB  and  X  is  in  millimeters. 

This  is  believed  valid  for  the  window  regions  from 
15  to  100  GHz. 

AN  ALGORITHM  FOR  CLOUD  ATTENUATION 

We  have  examined  the  angle,  humidity  and  fre¬ 
quency  dependence  of  cloud  attenuation.  Equation 
(5)  provides  an  expression  for  the  zenith  attenuation 
as  a  function  of  the  surface  absolute  humidity  and 
wavelength.  For  elevation  angles  above  about  8“ ,  we 
simply  multiply  (5)  by  esc  0;  for  angles  below  about 
8°  we  multiply  (5)  by  the  distance  obtained  from  (1). 
For  complete  cloud  cover  the  total  atmospheric  attenu¬ 
ation  is 

(6) 

.403 

A(0,X,p)cloud-(-  .0242  +  .00075X  +■  --K11.3  +  p)D(0) 

X 

D(9)  *  esc  6  9  >8° 


“  [(ae  +  hp)?  -  a(;?  cos?  «]  -ae  sin  1  0<  8° 

where  ae  Is  the  effective  earth  radius  »  8497  Km 
he  is  the  effective  height  of  attenuating  atmosphere 
=  6.35  -  . 302p(Km  ) 

CONCLUSIONS 

We  have  analyzed  341  sets  of  cloud  attenuation 
data  measured  simultaneously  at  frequencies  of  15  and 
35  GHz  in  the  Boston  area.  Regression  lines  for 
estimating  the  zenith  attenuation  at  15  and  35  GHz, 
both  for  cloud  and  mixed  cloud  conditions,  have  been 
derived  for  climates  similar  to  the  Boston  area.  Its 
applicability  to  other  regions  of  the  world  would  de¬ 
pend  on  their  respective  climatic  conditions. 
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SUMMARY  OF  REGRESSION  LINE  PARAMETERS 
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Fig.  1.  Attenuation  dependence  on  distance  for 
uniform  cloud  and  clear  sky  conditions. 


FREQUENCY  (GHz) 

Fig.  2.  Zenith  attenuation  vs.  frequency  for  cloud 
conditions. 
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ABSTRACT 

Communications  Research  Laboratory  conducted 
millimeter  wave  propagation  experiemnts  at  radio 
window  frequencies  1.7,  11.5,  34-5,  50.4,  81.8, 
140.7,  245-5  GHz  and  at  350  THz  on  shrot  terrestrial 
paths  in  a  suburb  of  Tokyo  during  1979  -  1986.  Main 
results  of  these  experiments  will  be  presented. 


INTRODUCTION 

To  promote  the  utilization  of  millimeter  waves, 
it  is  necessary  to  clarify  the  atomospheric 
propagation  characteristics.  Communications  Research 
Laboratory  (formerly  Radio  Research  Laboratory) 
conducted  millimeter  wave  propagation  experiments  at 
radio  window  frequencies  1.7,  11.5,  34-5,  81.8  GHz  on 
a  1.3  km  path,  and  at  50.4,  81.8,  140.7,  and  245.5 
GHz  and  350  THz  on  a  0.81  km  path  in  a  suburb  of 
Tokyo  during  1979  -  1986.  In  addition  to  propagation 
data,  various  meteorological  parameters  were  also 
measured.  In  the  following,  main  results  of  these 
experiments  will  be  presented.  Details  of  the 
experimental  system  were  reported  elsewhere  (1),  [2]. 

EFFECTS  OF  HYDROMETEORS 


Effects  of  rain 

At  millimeter  wavelengths,  the  relationship 
between  rain  attenuation  and  rain  rate  apcreciably 
chenges  depending  on  raindrop  size  distribution  (3J. 
Therefore,  a  prime  objective  of  our  experiment  was  to 
clarify  the  characteristics  of  raindrop  size 
distribution  on  an  actual  propagation  path. 

For  this  purpose,  we  examined  a  technique  to 
j^nfer  a  path-averaged  raindrop  size  distribution 
N(D)  (ram-1  ra-^)  from  multifrequency  attenuation 
measurements  (1_) .  The  examined  method  assumes  a  trial 
function  of  N(D)=N0  exp(-AD)  where  D  is  the  drop 
diameter  (mm).  Parameters  Ng  and  A  are  so 
determined  as  to  best  fit  the  measured  attenuations. 
This  method  was  applied  to  attenuation  data  at  11.5, 
34.5,  and  81.8  GHz  and  differential  phase  data 
between_11.5  and  34-5  GHz  observed  for  a  heavy  rain 
event.  N(D)  thus  inferred  was  in  good  agreement  with 
raindrop  size  distribution  directly  measured  by 
distrometer  at  the  receiver  site  of  propagation  path. 
Hen£e,  a  feasibility  of  the  examined  inference  method 
of  N(D)  was  deraonstratedll ) .  Once  71(D)  is  inferred, 
rain  attenuations  at  arbitrary  frequencies  and  other 
N(D)-related  quantities  such  as  a  path-averaged  rain 
rate  R  (mm/h)  can  be  calculated  from  this  inferred 
N(D)  (4). 


Statistical  estimation  of • rain  attenuations  is 
indispensable  in  the  design  of  millimeter  wave 
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communication  links.  This  requires  a  knowledge  of  the 
average  relationship  between  rain  attenuation 
coefficient  and  rain  rate.  This  relationship  is 
derived  from  the  average_raindrop  size  distribution. 
In  order  to  obtain  such  N(D)  averaged  over  long  time 
period,  the  trial  function  method  was  “pplied  to 
equiprobable  values  of  attenuations  in  tne  cumulative 
distributions  of  rain  attenuations  measured  at  11.5, 
34-5,  and  81.8  GHz  for  three  years  [5).  As  a  result, 
we  obtained 

N(D)  =  17300  1-0-16  exp(  _5>11  r-0.253  D)  (1) 

Rain  attenuation  coefficients  between  10  to  300 
GHz,  based  on  Eq.  (1),  are  shown  in  Fig.  1,  along 
with  those  for  Laws  and  Parsons  (L-P)  distribution 
and  for  Marshall  and  Palmer  (M-P)  distribution  [5]. 
Drop  size  distribution  of  Eq.  (1)  gives  a  larger 
number  of  small  drops  than  the  Laws  and  Parsons  drop 
size  distribution  which  is  most  widely  used  in  the 
theore' leal  estimation  of  rain  attenuations.  Since 
small  raindrops  can  produce  significant  attenuation 
at  millimeter  wavelengths,  attenuation  coefficients 
based  on  Eq.  (1)  are  greater  than  thoe3  for  Laws  and 
Parsons  drop  size  distribution  at  frequencies  above 
about  80  GHz. 

Our  results  shown  in  Fig.  1  are  estimates  based 
on  the  attenuation  data  measured  at  11.5,  34.5,  and 
81.8  GHz.  However,  it  is  noteworthy  that  this 
estimate’  explains  well  rain  attenuation  data  measured 
at  50.4,  81.8,  140.7,  and  245*5  GHz  on  a  0.81  km  path 

(6) .  This  fact  suggests  that  the  drop  size 
distribution  given  by  Eq.  (1)  is  applicable  to  whole 
the  millimeter  wave  region  under  the  Japanese  rain 
climate. 

Effect  of  other  hvdrometeors 

Effect  of  fog  was  examined  at  50  GHz  and  350  THz 

(7) .  Attenuation  due  to  fog  observed  at  50  GHz  was 
negligibly  small,  while  a  dominant  part  of  high 
attenuation  data  at  350  THz  was  caused  by  fog. 
Duration  time  of  attenuation  for  10  dB  level  was  less 
than  10  minutes  at  50  GHz  because  of  localized 
intense  rain,  while  it  reached  a  few  100  minutes  at 
350  THz  in  some  fog  event. 

Depolarization  due  to  wet  snow  was  observed  at 
34.5  GHz  with  circularly  polarlized  wave  [8]. 
Theoretical  estimation  of  depolarization  assuming  a 
oblate  spheroidal  snowflake  model  was  made.  It  was 
found  that  the  theoretical  estimate  obtained  assuming 
a  snowflake  shape  with  an  axial  ratio  of  about  0.6 
explained  the  trend  of  measured  data. 

EFFECTS  OF  WATER  VAPOR 

Effects  of  water  vapor  in  the  millimeter  wave 
window  regions  were  examined  by  using  a  experimental 
system  at  81.8  and  245*5  GHz  on  a  0.81  km  path  (9). 
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This  experimental  system  was  capable  of  measuring  not 
only  the  amplitude  at  each  frequency  but  also  the 
diffemtial  phase  delay  between  the  two  frequencies 
(2), 

As  can  be  seen  in  Fig.  2,  measured  attenuation 
showed  a  quadratic  dependence  on  water  vapor  density. 
Attenuations  in  excess  of  theoretical  predictions 
derived  by  the  line-by-line  calculations  were 
observed  at  both  frequencies  (only  the  case  of  245-5 
GHz  is  shown  in  Fig.  2).  The  quadratic  dependences  of 
these  excess  absorption  on  water  vapor  density  imply 
that  either  the  absorption  due  to  far— wing 
contributions  from  self-broadened  infrared  absorption 
lines  or  the  absorption  due  to  water  dimer  may  play 
some  important  roll  in  the  millimeter  wave  window 
region.  Although  the  mechanism  of  excess  absorption 
still  remains  to  be  solved,  it  is  noteworthy  that,  as 
seen  in  Fig.  2,  our  experimental  data  at  81.8  and 
245-5  GHz  were  in  good  agreement  with  estimates  based 
on  Liebe's  semi-theoretical  and  semi-empirical  model 
(10]. 

Contrary  to  the  case  of  attenuation,  the 
measured  refractive  dispersion  (proportional  to 
differential  phase  delay)  between  245-5  and  81.8  GHz 
were  in  fairly  good  agreements  with  the  exact  line- 
by-line  calculations,  and  "excess  dispersion" 
corresponding  to  the  excess  absorption  was  not 
appreciable. 

SCINTILLATION  CUE  TO  ATMOSPHERIC  TURBULENCE 

Characteristics  of  scintillation  due  to 
atmospheric  turbulence  were  examined  at  81.8  GHz  and 
245-5  GHz  where  water  vaper  absorptions  are  not 
negligible  [11  ].  At  both  frequencies  examined,  it  was 
found  that  the  scintillation  spectrum  of  logarithmic 
amplitude  was  affected  by  the  existence  of  gaseous 
absorption  as  theoretically  predicted  by  Ott  [12]: 
that  is,  the  low  frequency  components  of  sintillation 
spectrum  were  enhanced.  Similar  enhancement  was  also 
observed  for  scintillation  spectrum  of  differential 
phase  delay  between  81.8  and  245-5  GHz. 

CONCLUSION 

Main  results  of  terrestrial  millimeter  wave 
propagation  experiment  made  by  CRL  in  a  suburb  of 
Tokyo  were  briefly  introduced.  More  detailed 
information  on  each  experimental  result  is  available 
from  the  listed  references. 
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Fig.  1  Attenuation  coefficients  due  to  rain. 
(10-300  GHz) 


Fig.  2  Attenuation  coefficient  due  to  water  vapor  at 
245-5  GHz. 

measured:  x.  line-by-line  calculations: 

Van  Vleck-Weisskopf -  ,  Gross . . 

Liebe's  model: - . 
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ABSTRACT 


To  prepare  the  future  meteorological 
radiometric  satellite  missions,  we  developed  a 

synthetic  atmospheric  millimeter-waves  radiative 
transfer  model  including  the  roughened  sea  surface 
emissivity  and  all-weather  conditions.  It  is  to  be 
confronted  with  measurements  of  an  airborne 

campaign  in  window  regions  of  the  atmospheric 
spectrum. 


INTRODUCTION 


The  data  interpretation  of  the  future 

meteorological  millimeter-waves  missions  aboard 
satellites  (METEOSAT  2nd  Generation,  AMSU)  is 

highly  dependent  on  the  validity  of  the  radiative 

transfer  model  in  the  atmosphere  (1).  Above  60 
GHz,  very  few  complete  models  have  been 

developed  and  the  in  situ  observations  are  sparse. 
The  approch  we  propose  benefits  from  the  last 
progress  in  spectroscopic  data,  includes 

all-weather  conditions  and  presents  an  original 
treatment  of  the  roughened  sea  surface  emissivity. 
It  will  soon  be  confronted  with  the  results  of  an 
English-French  measurement  campaign  in  window 
regions  of  the  atmospheric  spectrum  :  the  MARSS 
(Microwave  Airborne  Radiometer  Scanning  System) 
experiment. 


A  SYNTHETIC  RADIATIVE  TRANSFER  MODEL 


For  computation  purposes,  our  model,  derived 
from  the  Stransac  code  (2),  considers  40  pressure 
levels  dividing  the  atmosphere  up  to  70  km. 

The  absorption  coefficient  of  each  layer 
accounts  for: 

the  line-by-line  summation  of  the  atmospheric 
constituants  absorption  based  on  the  spectral  line 
data  bank  GEISA  from  the  Laboratoire  de 

Meteorologie  Dynamique  (3).  The  line  shape 
problem  has  been  envisaged  on  the  basis  of  the 

last  enhancements  of  Rosenkranz  treatment  of  the 

Van  Vleck-Weisskopf  theory  ; 

the  continuum  spectra  for  dry  air  and  water 
vapour  (4); 

the  absorption  and  scattering  by  hydrometeors 
(rain,  clouds,  fog...)  according  to  Mie  diffusion 

theory  (as  expressed  by  (5)).  The  individual 
particle  contributions  are  integrated  over  the 
drops  radius  distribution  in  the  cloud  or  rain. 


The  upwelling  microwave  radiation  measured 
by  a  radiometer  is  the  sum  of  1)  the  direct 
contribution  of  each  layer,  2)  the  thermal  emission 
from  the  earth  surface  attenuated  by  the 
atmosphere,  3)  the  downwelling  radiation  reflected 
by  the  surface  and  then  attenuated  by  the 
atmosphere. 

In  the  atmospheric  windows,  the  surface 
emissivity  is  the  dominant  feature  of  the  radiative 
transfer.  For  the  soil  and  for  the  calm  ocean,  this 

parameter  is  well-established.  But  uncertainties 
arise  from  the  variation  of  roughened  sea  surface 
emissivity  with  wind  direction  and  speed  and  foam 
coverage.  In  the  millimeter-waves  region,  it  is 
relevant  to  describe  the  ocean  surface  as  a  set  of 

flat  facets  (6)  with  a  two-dimensional  slope 

distribution  (photometrically  evaluated  (7)). 
Assuming  a  fixed  view  angle,  we  calculate,  for 

each  facet,  the  direction  and  corresponding 

brightness  temperature  of  the  downwelling 

radiation  which,  specularly  reflected  on  the  facet, 
impinges  on  the  receiver;  the  elementary 

contribution  to  the  upwelling  brightness 
temperature  is  computed  using  a  reflection 

coefficient  calculated  from  the  Fresnel  relations. 

Then,  all  the  contributions  are  added  up,  weighted 
by  the  probability  density  of  the  surface  slope 
distribution.  This  computation  accounts  for 
polarization.  A  partial  foam  coverage  is  considered. 

The  hydrometeors  scattering  is  iteratively 
accounted  for  in  the  radiative  transfer  treatment. 

First,  the  up-  and  donwn-welling  radiations  are 

computed  for  each  atmospheric  layer,  ignoring  the 

scatter,  in  order  to  obtain  the  brightness 

temperatures  for  several  directions  independently. 

Then,  until  convergence,  the  brightness 
temperatures  are  recomputed  iteratively  using,  for 
the  scattered  radiations,  the  brightness 
temperatures  calculated  in  the  previous  iteration. 
At  each  iteration,  an  individual  particle  rescatters 
the  radiation  of  the  previous  iteration,  thus 
providing  a  full  multiple  scattering  treatment. 

The  synthetic  radiative  tranfer  model  we  are 
developing  is  implemented  in  Fortran,  on  PC-AT 
and  on  VAX  8600.  It  offers  an  iteractive 
relationship  with  the  user,  proposing  multiple 

possibilities  for  each  atmospheric  and  surface 

parameters.  This  synthetic  model  and  the 
systematic  sensitivity  analyses  we  have  performed 
for  a  large  number  of  its  parameters,  prepare  us 
to  the  data  treatment  of  the  MARSS  experiment. 
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THE  MARSS  EXPERIMENT 


An  airborne  millimeter-waves  sounder 
operating  in  the  89  and  157  GHz  channels  -MARSS 
(Microwave  Airborne  Radiometer  Scanning  System)- 
is  jointly  developed  by  the  British  Meteorological 
Office  and  the  Laboratoire  de  Meteorologie 

Dynamique  (France).  The  receiver  system, 
produced  by  Marconi  Space  System,  is  sensitive  to 

0.5K  in  both  channels.  This  instrument  will  fly  on 

the  Hercules  C-130  dedicated  aircraft  of  the  Met 
Office.  It  provides  up-  and  down-looking  with  +45* 
angle  along  track  scanning.  Observations  are 

planned  on  spiral  ascents  and  on  race  track  flight 
paths  at  selected  altitudes  from  sea  level  to  above 
ice  clouds. 


Objectives  of  MARSS  flights: 

1°  -  sea  surface  emissivity  measurements 
2°  -  attenuation  of  liquid  water  clouds 
3”  -  impact  of  ice  clouds 
4*  -  precipitation  monitoring 
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FUTURE  PLANS 


In  a  next  step,  a  complete  breadboard  of  the 
METEOSAT  2nd  Generation  millimeter-waves  project 
will  be  flown.  The  instrument  is  presently 
assembled  at  Paris-Meudon  Observatory,  with  a 
technological  support  from  Matra  and  under  the 
responsability  of  the  french  Centre  National 
d’Etudes  Spatiales. 
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ABSTRACT 

A  model  was  developed  to  analyze  anisotropic  propagation  of 
plane,  polarized  radiowaves  in  the  mesosphere  as  influenced  by  the 
geomagnetic  Zeeman  effect  displayed  by  02  spectral  lines 
positioned  in  the  60  GHz  band.  To  provide  an  example  here,  the 
5+  line,  centered  at  the  frequency  f0  =  59.59058  GHz,  has  been 
chosen  and  two  cases  are  discussed:  from  a  location  known  by 
latitude  and  longitude,  a  radiowave  (a)  propagates  north  in  an 
altitude  of  75  km  at  the  frequency  f  +  1  MHz  covering  a  distance 
of  up  to  1000  km;  and  (b)  enters  the  atmosphere  at  100  km  altitude, 
heads  in  either  N,  E,  S,  or  W  directions,  descends  to  the  75  km 
level,  and  then  exits  again.  In  the  first  case,  attenuation  and 
polarization  state  are  followed  along  the  path;  in  the  second  case, 
total  path  attenuations  as  a  function  of  frequency  deviation 
(f0  ±  4  MHz),  initial  polarization,  and  direction  are  given. 


INTRODUCTION 

About  40  spectral  lines  of  the  molecule  O,  are  found  between 
50  and  70  GHz.  At  high-altitude  pressures  (1.2  to  3-10'5  kPa),  these 
lines  appear  as  isolated  features  and  their  spectral  signature  is 
governed  by  the  Zeeman  effect  due  to  the  geomagnetic  field  B 
whose  strength  varies  from  about  23  to  65  pTesla  depending  on 
location  and  height  (h  =  30  -  100  km).  Each  line  splits  into  three 
groups  of  Zeeman  components  which  are  spread,  proportional  to  B, 
over  a  range  of  a  few  megahertz  and  which  react  anisotropically 
with  the  electromagnetic  field  of  a  radiowave  [1],(2]. 

Magnitude  and  direction  of  the  vector  B  are  calculated  with  the 
geocentric  model  MAGFIN,  updated  with  1985  coefficients  (3).  To 
allow  for  geodetic  input  coordinates  (i.e.,  LAT_itude,LON_gitude, 
and  h  =  height  above  sea  level),  a  correction  to  latitude  and  height 
is  applied  to  account  for  the  flattening  (1/298.25)  of  the  earth 
(rE  =  6371.2  km). 


REFRACTIVITY  MATRIX 

In  a  Cartesian  coordinate  system  having  the  z-axis  pointing  in 
direction  of  the  geomagnetic  vector  B,  the  anisotropic  medium  can 
be  represented  by  a  refractivity  matrix  [4] 

I  N,  +  N.  -i(N+  -  N  )  0  | 

N  =  |  i(N.  -  N  )  Nt  +  N.  0  |, 

I  0  0  N0  | 

where  N0,  Nt,  N.  are  complex-valued  functions  of  frequency  and 
comprise  the  three  groups  mentioned  above.  The  shape  of  these 
functions  is  illustrated  for  an  example  in  Fig.l. 

To  study  how  a  radiowave  behaves  as  it  propagates  through  this 
medium,  the  coordinate  system  must  be  rotated  so  that  the  z-axis 
points  in  the  direction  of  propagation.  Thus  the  angle  $  between  the 
vector  B  and  the  propagation  vector  is  important.  It  determines  a 
2-dimensional  matrix  which  describes  how  the  radiowave  field 
components  change  v/ithin  the  plane  of  polarization.  This  2x2 
matrix  has  two  eigenvalues  v,,v2  with  corresponding  eigenvectors. 


each  defining  a  characteristic  ware  that  retains  its  original 
polarization  as  it  propagates  through  the  medium.  The  polarization 
state  can  be  expressed  by  four  real- valued  Stokes  parameters.  When 
^  =  0  or  180*,  these  characteristic  waves  are  left-  and  right- 
circularly  polarized;  when  £  =  90  or  270*,  they  are  linearly 
polarized.  Examples  for  frequency  and  <t>  dependences  of  v.,  v-  are 
displayed  in  Fig.  2. 


RADIOWAVE  PROPAGATION 

Generally,  a  radiowave  is  defined  as  linear  combination  of  the 
two  characteristic  waves.  Horizontal  and  vertical  field  components 
(HZE,  VTE)  plus  a  phase  angle  (POL)  or  a  matching  set  of  Stokes 
parameters  (g,  2  3  normalized  to  g  =1)  describe  the  polarization 
state.  Typically'  the  imaginary  parts  (expressed  in  dB/km)  of  v,  and 
v,  differ  (see  Fig.  2),  favoring  after  some  propagation  distance  the 
characteristic  wave  with  the  lower  value;  simultaneously,  different 
real  parts  (in  deg/km)  affect  the  phase  angle  POL.  As  a  conse¬ 
quence,  the  polarization  ellipse  changes  its  axial  ratio  and  rotates  (as 
in  Faraday-tomlon)  approaching  the  polarization  state  of  the 
dominant  characteristic  wave. 

Propagation  effects  are  shown  in  Fig.  3  for  a  case  where  h,  B,  and 
4  are  given  (vv  v2)  and  distance  S  varies.  A  radiowave  at  the 
frequency  fp  +  1  MHz  with  two  initial  polarizations  propagates  a 
path  extending  at  h  =  75  km  to  a  length  of  up  to  1000  km. 

Computations  are  more  complicated  for  the  example  of  a 
tangential  path  from  outer  space  through  the  mesosphere 
(U.S.  Std.  Atm.  76)  reaching  a  minimum  height,  ht  »  75  km.  A 
point  on  a  straight  line  through  a  homogeneous  path  cell,  starting 
at  h  =  100  km  in  a  given  direction  (AZI_muth)  under  a  negative 
elevation  angle  (ELV  =  -5.1°),  was  traced  via  the  coordinates  LAT, 
LON,  and  h.  Geodetic  locations  were  transformed  into  geocentric 
coordinates  to  compute  B,  and  path  increments  AS  for  1-km 
height  intervals;  then  a  numerical  integration  was  performed 
whereby  the  anisotropic  behavior  of  each  cell  was  evaluated 
analogously  to  the  case  exemplified  in  Fig.  3.  The  final  polarization 
after  traversing  one  cell  served  as  starting  polarization  for  the  next. 
Resultant  path  attenuations  for  three  different  initial  polarizations 
and  four  propagation  directions  are  plotted  in  Fig.  4  as  a  function 
of  frequency  deviation.  Each  curve  represents  the  integration  over 
fifty  (100  -  75  -  100  km)  1-km  height  cells  performed  at  100 
frequencies  between  f0  ±  4  MHz  . 
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Figure  1 


Figure  2 


Complex  refractivity  components 
N  ,  N+,  and  N-  (ppm)  in  the  vicin¬ 
ity  (DFQ  *  ±1  MHz)  of  the  5+  02  line 
center  at  75  km  altitude  for  a  magnetic 
field  strength  of  30.07  pT. 


Complex  eigenvalues  v,  and  v,  for  the  5+  line  (IMAG  in  dB/km,  REAL  in  deg/km): 

(a)  around  the  line  center  (DFQ  =  ±1  MHz)  at  an  orientation  angle 
PHI  =  27.6*  and 

(b)  for  all  orientation  angles  (PHI  =  0  to  180*)  at  a  frequency  deviation  DFQ  =  +1  MHz. 
Altitude  above  sea  level  is  h  =  75  km  and  geographic  coordinates  are  LAT  =  0’  (equator) 
and  LON  =  0*  (Greenwich). 
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Figure  3 
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Attenuation,  Faraday  rotation,  and  polarization  state  (Stokes 
parameters  g.  2  ,  on  Poincare  sphere)  for  initially  linear  (45L)  and 
left-circular  (LC)  polarized  radiowaves  propagating  a  distance  of 
1000  km  at  h  »  75  km  horizontally  (ELV  =  0°)  in  the  N  direction 
(AZI  ■  0°)  under  the  computed  orientation  angle  PHI  =  27.6'  at  a 
frequency  deviation  DFQ  =  +1  MHz  from  the  5+  line  center. 

The  results  at  1000  km  are: 
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*(RC  =  right-circular,  VL  =  vertical  linear,  and  HL  =  horizontal 
linear  initial  polarizations,  not  shown).  HZE  and  VTE  are  the 
horizontal  and  vertical  electric  field  components  and  POL  ;s  the 
phase  angle  (VTE  =  |VTE|exp(i  POL) ). 


Figure  4 

Attenuation  for  tangential  paths  through  U.S.  Std.  Atm.  76  in  the 
vicinity  (DFQ  =  ±4  MHz)  of  the  5+  oxygen  line.  The  radiowave 
enters  the  atmosphere  at  LAT  =  O',  LON  =  O',  and  h  =  100  km 
with  an  elevation  angle  ELV  =  -5.1',  propagates  in  either  N,  E,  S, 
or  W  directions  (AZI  =  O',  90',  180'  and  270'),  approaches  a  tan¬ 
gential  height  of  75  km,  and  leaves  the  atmosphere  at  h  =  100  km. 
Path  lengths:  St  ,  =  1 129  km  for  N,S  and  1 140  km  for  E,W;  initial 
polarizations:  RC,  LC,  and  45L. 


Path  attenuations  A  (dB)  at 

DFQ  =  +1  MHz  are: 

L£ 

AZI 

HL 

VL 

Ratio 

Ratio 

0' 

N 

6.4 

6.7 

1.05 

3.5 

27.6 

7.89 

90' 

E 

13.5 

8.7 

1.55 

12.6 

9.1 

1.39 

180' 

S 

7.1 

7.6 

1.07 

22.7 

4.4 

5.16 

270' 

W 

11.9 

8.5 

1.40 

8.5 

12.3 

1.45 
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STATUS  AND  FUTURE  PLANS  OF  HIGH  POWER  SOURCES 
FOR  PLASMA  HEATING 
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T.  V.  George 
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Washington,  D.  C. 


ABSTRACT 

The  presentation  will  address  the  motivation, 
the  strategy  and  the  plan  for  developing  high  aver¬ 
age  power  millimeter  wave  sources  under  the  sponsor¬ 
ship  of  the  Office  of  Fusion  Energy,  Department  of 
Energy.  Ongoing  efforts  and  expected  trends  in  line 
with  the  recent  recommendations  of  a  number  of  re¬ 
view  panels  will  be  discussed.  The  presentation 
will  also  highlight  some  of  the  fusion  experimental 
applications. 


MOTIVATION 

Application  of  high  power  electromagnetic  waves 
in  the  frequency  range  up  to  several  hundred  giga¬ 
hertz  for  heating  plasmas  in  thermonuclear  fusion 
devices  by  electron  cyclotron  resonance  techniques 
has  been  the  prime  motivation  behind  the  development 
of  various  types  of  millimeter  wave  sources  under 
the  sponsorship  of  the  Office  of  Fusion  Energy 
(OFE),  U.S.  Department  of  Energy.  The  program 
strategy  has  been  to  promote  fundamental  research  on 
promising  concepts  at  Universities  and  National 
laboratories  leading  to  the  establishment  of  an 
industrial  base  to  supply  reasonably  priced  devices 
to  the  various  fusion  laboratories  around  the  world. 


HISTORY 

Since  1976,  the  OFE  has  supported  the  develop¬ 
ment  of  both  pulsed  and  steady-state  (cw)  gyrotrons 
operable  at  several  fixed  frequencies  in  the  28  GHz 
to  140  GHz  range  (corresponding  to  the  fundamental 
resonance  at  plasma  confining  magnetic  fields 
ranging  from  IT  to  5T)  and  with  average  power  in 
excess  of  200  kW.  From  the  seventies,  the  program 
directly  led  to  establishing  a  strong  industrial 
capability  at  Varian  Associates.  Under  a  contract 
placed  in  1976,  Varian  succeeded  in  developing  a  200 
kW  28  GHz  gyrotron  which  was  tested  satisfactorily 
to  a  power  level  well  over  300  kW  in  the  cw  mode.  A 
follow-on  contract  covering  a  period  from  1980  to 
1984  resulted  in  200  kW  cw  and  pulsed  60  GHz  gyro¬ 
trons  as  well  as  a  number  of  scale  variations 
covering  the  entire  frequency  range  up  to  70  GHz. 
During  the  next  two  years  Varian  established  the 
capability  to  provide  200  kW,  pulsed  and  100  kW  cw 
140  GHz  gyrotrons.  So  far,  Varian  has  sold  over  one 
hundred  gyrotrons  to  various  fusion  laboratories 
around  the  world.  The  objective  of  the  current 
program  at  Varian  is  to  develop  a  1  MW  140  GHz 
gyrotron  with  a  follow  on  objective  of  developing  1 
MW  280  GHz  gyrotrons  for  use  on  the  next  major  U.S. 
fusion  device  called  Compact  Ignition  Tokamak  (CIT) 
which  is  expected  to  produce  first  plasma  in  1996. 


STRATEGY 

The  program  emphasizes  pioneering  research  at 
several  laboratories.  Since  the  OFE's  funding  limi¬ 
tations  do  not  permit  supporting  research  on  all 
known  concepts  and  since  other  funding  agencies  are 
also  involved  in  developing  devices  which  could 
ultimately  be  of  value  to  the  fusion  program,  it  has 
been  necessary  for  the  OFE  program  to  continuously 
evaluate  the  status  and  make  use  of  results  from  all 
leading  research  activities  around  the  nation.  For 
example,  the  Free  Electron  Laser  system,  under  de¬ 
velopment  at  the  Lawrence  Livermore  Laboratory,  sup¬ 
ported  by  the  Strategic  Defense  Initiative  Office  is 
being  used  for  tokamak  heating  studies.  The  large 
number  of  papers  which  are  presented  at  this  con¬ 
ference  is  indicative  of  the  importance  of  this 
field  in  terms  of  the  interest  demonstrated  by  the 
technical  community  as  well  as  the  applications 
envisaged  by  the  funding  agencies. 


PLANS 

The  major  basic  research  activities  supported 
by  OFE  are:  volume  mode  and  whispering  gallery  mode 
gyrotrons  at  the  Massachusetts  Institute  of  Tech¬ 
nology  under  Dr.  Richard  Temkin,  the  Quasi -Optical 
gyrotron  concept  at  the  Naval  Research  Laboratory 
under  Dr.  Wallace  Manheimer,  and  the  Small  Periodic 
Wiggler  Free  FEM  at  the  University  of  Maryland  under 
Dr.  Victor  Granatstein.  The  University  of  Wiscon¬ 
sin,  Madison,  also  has  a  program  to  develop  trans¬ 
mission  system  components  under  Dr.  R.  Vernon  and 
Dr.  S.  Seshadri.  A  number  of  worthy  tasks  such  as 
the  investigation  of  Cyclotron  Auto-Resonance  Maser 
(CARM)  at  UCLA,  NRL  or  MIT,  as  well  as  the  Ubitoron 
and  Backward  Wave  Oscillator  (BW0)  studies  at  NRL 
have  not  been  funded  by  the  OFE  program.  But  it 
should  be  emphasized  that  the  value  of  all  such 
research  activities  in  serving  the  fusion  program 
needs  is  well  recognized  by  the  OFE  program.  Hence, 
the  overall  strategy  has  been  to  identify  concepts 
which  need  to  be  further  developed  to  meet  the 
specific  needs  of  the  fusion  program  through  peri¬ 
odical  reviews  and  strengthen  the  efforts  to  estab¬ 
lish  an  adequate  data  base  necessary  for  initiating 
industrial  projects.  During  1987  and  1988  there 
were  three  such  major  reviews:  a  DOE  special  panel 
chaired  by  Dr.  Thomas  Marshall,  Columbia  University, 
a  JASON  committee  chaired  by  Dr.  Francis  Perkins, 
Princeton  University  and  a  Magnetic  Fusion  Advisory 
Committee  panel  chaired  by  Dr.  Lee  Berry,  Oak  Ridge 
National  Laboratory.  This  presentation  will  sum¬ 
marize  the  panel  findings  and  highlight  the  features 
of  the  major  devices  currently  under  investigation. 
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Presently,  the  MIT  program  on  whispering  gal¬ 
lery  mode  has  been  given  the  highest  priority;  the 
goal  of  which  is  to  demonstrate  a  280  GHz  1  MW  short 
pulsed  gyrotron  within  a  year.  The  plan  is  to 
initiate  the  industrial  development  program  fol¬ 
lowing  the  concept  demonstration  at  MIT.  Studies  on 
separating  the  spent  electron  beam  from  the  electro¬ 
magnetic  wave  as  they  emerge  from  the  gyrotron  cavi¬ 
ty  are  also  being  undertaken  to  facilitate  energy 
recovery  from  the  spent  beam. 

Recent  plasma  heating  experiments  conducted  on 
tokamak  devices  such  as  D-III  located  at  San  Oiego, 
California,  using  a  total  of  ten  200  kW,  long  pulsed 
60  GHz  gyrotrons  have  clearly  established  the  con¬ 
tinued  need  for  such  sources.  The  presentation  will 
also  highlight  the  experimental  applications. 


eceptonc*  of  this  article,  the  publisher  or 
3tent  acknowledge*  the  U.  S.  Governments  right 
dain  a  nonexclusive,  royalty  free  license  in  an 
ny  copyright  cohering  this  article. 
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ABSTRACT 

Varian  is  in  the  process  of  developing  gyrotrons  capable  of 
generating  power  levels  of  1  MW  CW  at  a  frequency  of  140  GHz. 
The  first  experimental  gyrotron  in  this  program  has  been  designed 
to  generate  short-pulse  power  levels  of  1  MW  and  up  to  400  kW 
CW.  In  recent  tests  on  this  gyrotron,  a  short-pulse  power  level  of 
820  kW  was  obtained  at  21%  efficiency.  While  operating  at  peak 
power  levels  of  350-400  kW,  the  duty  factor  was  raised  to  10% 
(30  pps,  3.33  ms-pulse  duration).  Power  losses  in  various  parts 
of  the  tube  have  been  measured  and  are  in  agreement  with 
theoretical  predictions.  Tests  at  higher  average  powers,  up  to  the 
400  kW  CW  goal  for  the  tube,  are  underway.  Design  efforts  aimed 
at  increasing  the  average  power  capabilities  of  the  gyrotron  up  to 
1  MW  are  in  progress. 

INTRODUCTION 

Gyrotron  oscillators  have  been  effectively  employed  in 
heating  magnetically-confined  plasmas,  at  the  electron  cyclotron 
resonance  (ECR)  frequency,  in  a  variety  of  fusion 
experiments^ ).  In  these  experiments,  gyrotrons  with 
long-pulse  or  CW  output  powers  of  a  few  hundred  kilowatts  have 
been  utilized  at  frequencies  up  to  about  100  GHz.  However,  ECR 
heating  in  large,  reactor-size  fusion  experiments,  will  require 
input  microwave  power  levels  of  10-100  MW  at  frequencies 
ranging  from  100  GHz  to  300  GHz(2). 

To  address  this  need,  Varian  has  begun  the  development  of 
gyrotrons  capable  of  generating  power  levels  of  1  MW  CW  at  a 
frequency  of  140  GHz.  The  basic  design  approach  followed  in  the 
current  gyrotron  development  program  is  significantly  different 
than  that  of  earlier  efforts  at  lower  frequencies  and  power  levels. 
While  most  previous  tubes  were  designed  to  generate  output  power 
in  the  TE0n  or  circular-electric  class  of  waveguide  mode(3),  the 
current  work  utilizes  TEmn  whispering-gallery  modes  where 
m»n.  In  contrast  to  circular-electric  modes,  energy  stored  in  a 
whispering-gallery-mode  cavity  is  concentrated  near  the  walls  of 
the  cavity,  thereby  requiring  a  relatively  large-diameter  electron 
beam  for  efficient  interaction.  The  choice  of  whispering-gallery 
modes  over  other  classes  of  interaction  circuits  is  based  on  an 
intricate  set  of  design  trade-offs  that  include  considerations  of 
mode  competition,  ohmic  losses  in  the  cavity,  efficiency,  potential 
depression  of  the  electron  beam,  and  electron  gun  design(4). 
Experimental  research  with  whispering-  gallery-mode  gyrotrons 
is  also  being  carried  out  at  MIT,  where  short-pulse  power  levels 
of  750  kW  have  been  obtained  at  a  frequency  of  148  GHz(2),  and 
in  the  Soviet  Union(5). 

In  working  toward  the  1  MW  CW  goal  at  140  GHz,  several 
experimental  vehicles  will  be  constructed  and  tested  to  verify  the 
design  of  the  important  elements  of  the  gyrotron.  The  first  tube  in 
the  program  has  been  designed  to  generate  short-pulse  power 
levels  of  1  MW  and  CW  power  levels  up  to  400  kW.  Testing  of  this 
tube  will  serve  to  validate  the  basic  design  of  the  electron  gun  and 
interaction  circuit.  In  addition,  operation  at  CW  powers  up  to  400 
kW  will  provide  useful  information  concerning  whispering- 
gallery-mode  operation  at  high  average  power  levels. 

Thus  far,  the  first  experimental  tube  has  been 
constructed,  tested,  rebuilt,  and  partially  tested  a  second  time.  In 


*The  140  GHz  gyrotron  oscillator  is  being  developed  under 
contract  with  Lawrence  Livermore  National  Laboratory,  operated 
by  the  University  of  California  for  the  U.  S.  Department  of  Energy, 
under  Prime  Contract  W-7405-eng-48. 


the  following  we  summarize  the  important  design  features  of  the 
tube,  review  the  results  of  the  first  tube  tests,  and  discuss  the 
tests  carried  out  thus  far  on  the  rebuilt  version  of  the  tube. 

DESIGN  OF  FIRST  EXPERIMENTAL  1  MW  GYROTRON 

The  design  of  the  first  experimental  140  GHz,  1  MW 
gyrotron  is  based  on  the  interaction  between  a  hollow  electron 
beam  provided  by  a  magnetron  injection  electron  gun  and  a  simple, 
tapered  cavity  designed  to  generate  power  in  the  TE15  2  mode  at 
140  GHz.  The  nominal  beam  voltage  and  current  for  the  gun  are 
80  kV  and  35  A,  respectively.  The  magnetic  field  in  the  cavity  and 
gun  regions  is  provided  by  a  superconducting  magnet.  For 
operation  at  140  GHz,  a  magnetic  field  of  56  kG  is  required  in  the 
interaction  region. 

Output  power  from  the  cavity  travels  through  the 
collector  and  out  of  the  tube  through  a  double-disc,  face-cooled 
window.  The  up  and  down  tapers  in  the  tube  are  designed  to 
preserve  the  purity  of  the  generated  TE^  2  mode.  The  spent 
electron  beam  follows  the  diverging  magnetic  field  lines  out  of  the 
cavity  and  is  deposited  on  the  walls  of  the  collector. 

All  elements  of  the  tube  are  designed  for  operation  up  to 
power  levels  of  400  kW  CW  and  1  MW  for  pulse  durations  of  less 
than  20  ms.  Further  details  of  the  design  of  the  first 
experimental  140  GHz,  1  MW  gyrotron  have  been  published 
e!sewhere(6). 

TEST  RESULTS 

Fjrsi  Test 

During  the  first  tests  of  the  tube,  peak  output  powers  up 
to  300  kW  at  18%  efficiency  were  produced  with  pulse  durations 
of  less  than  1  ms.  Operation  at  longer  pulse  durations  or  higher 
peak  powers  was  prevented  by  spurious  oscillations  in  the  beam 
tunnel  between  the  electron  gun  and  the  interaction  cavity.  At  high 
peak  power  or  long  pulse  duration,  the  spurious  oscillations 
activated  protective  circuitry  and  turned  off  the  gyrotron 

Measurements  of  the  microwave  losses  in  various  portions 
of  the  tube  were  made  with  pulse  repetition  rates  that  produced  15 
kW  average  output  power.  Power  losses  were  measured  in  the 
beam  tunnel,  interaction  cavity,  output  taper,  collector  insulator, 
and  output  window.  The  results  agreed  well  with  calculated  values 
except  in  the  beam  tunnel. 

Following  tests  on  the  tube,  the  tube  was  disassembled  and 
examined  for  possible  damage.  All  portions  of  the  tube  were 
undamaged  with  the  exception  of  the  beam  tunnel.  A  portion  of  the 
beam  tunnel  adjacent  to  the  cavity  was  significantly  damaged.  The 
damage  pattern  was  consistent  with  the  presence  of  spurious 
oscillations  in  that  region. 

To  eliminate  the  beam  tunnel  oscillations  that  served  to 
limit  tube  performance  during  the  first  series  of  tests,  a  new 
beam  tunnel  was  designed  and  constructed.  In  the  new  beam 
tunnel,  geometry  changes  were  incorporated  to  minimize  the 
amount  of  stored  energy  in  the  critical  portion  of  the  beam  tunnel 
near  the  cavity  to  prevent  oscillations.  In  addition,  the  cooling 
design  for  the  beam  tunnel  was  improved. 

Seoondlest 

Following  the  reassembly  of  the  tube  with  the  new  beam 
tunnel,  a  second  set  of  tests  were  begun.  In  these  tests,  an  output 
power  of  655  kW  was  obtained  with  26%  efficiency  during 
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operation  at  the  nominal  beam  voltage  of  80  kV.  A  plot  of  output 
power  and  efficiency  versus  beam  current  is  shown  in  Figure  1. 
In  carrying  out  the  measurements  shown  in  Figure  1,  cavity 
magnetic  field  and  gun-anode  voltage  (which  controls  the 
perpendicular  to  parallel  velocity  ratio  of  the  electron  beam) 
were  optimized.  Microwave  losses  were  measured  in  the  beam 
tunnel,  cavity,  collector  insulator,  output  taper,  and  output 
window.  For  operation  at  655  kW,  total  measured  rf  losses  were 
98  kW.  These  measurements  are  in  good  agreement  with 
theoretically  predicted  loss  calculations.  If  these  power  losses  are 
added  to  the  measured  output  power,  the  total  power  generated  in 
the  cavity  was  753  kW,  resulting  in  an  interaction  efficiency  of 
30%.  Though  not  totally  eliminated  in  some  regions  of  parameter 
space,  the  beam  tunnel  oscillations  observed  during  the  first 
series  of  tests  were  significantly  reduced. 
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FIGURE  1.  OUTPUT  POWER  AND  EFFICIENCY  VS  BEAM 
CURRENT  FOR  BEAM  VOLTAGE  OF  80  KV 

In  Figures  2  and  3  the  results  of  increasing  the  beam 
voltage  to  90  kV  and  95  kV,  respectively,  are  plotted.  Figure  2  is 
a  plot  of  output  power  and  efficiency  versus  beam  current  at  90  kV 
beam  voltage,  and  Figure  3  is  a  plot  of  output  power  versus 
gun-anode  voltage  for  constant  beam  current  at  95  kV.  At  90  kV, 
an  output  power  of  750  kW  was  obtained  at  22%  efficiency  and  at 
95  kV  an  output  power  of  820  kW  was  measured  at  21% 
efficiency. 

In  addition  to  the  short-pulse  measurements  (<  1  ms 
pulse  duration),  tests  were  carried  out  at  10  ms  pulse  duration 
for  output  powers  of  400  kW.  Average  powers  of  35  kW  to  40 
kW  were  obtained  when  operating  at  a  duty  cycle  of  10%  (30  pps, 
3.3  ms  pulse  duration).  Preparations  are  currently  being  made  to 
test  the  tube  to  higher  average  power  and  ultimately  to  400  kW 
CW.  In  addition,  further  exploration  of  tube  operating  parameters 
will  be  made  to  try  to  increase  the  efficiency  of  the  tube  and  allow 
peak  powers  of  1  MW  to  be  obtained. 
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FIGURE  2.  OUTPUT  POWER  AND  EFFICIENCY  VS  BEAM 
CURRENT  FOR  BEAM  VOLTAGE  OF  90  KV 
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GUN- ANODE  VOLTAGE  (kV) 

FIGURE  3.  OUTPUT  POWER  VS  GUN-ANODE  VOLTAGE  FOR 
BEAM  VOLTAGE  OF  95  KV 


CONCLUSIONS 

The  results  obtained  during  the  second  series  of  tests  on 
the  first  experimental  140  GHz,  1  MW  gyrotron  represent  an 
important  step  in  reaching  the  1  MW  CW  goal  for  the  current 
development  program.  Additional  testing  of  the  tube  should 
further  validate  the  average  power  capabilities  of  the  tube. 
Subsequent  tubes  will  serve  to  address  the  problems  encountered 
in  designing  a  tube  for  full  1  MW  CW  operation.  Problem  areas 
include  cavity  wall  losses,  thermomechanical  stresses  in  the 
output  window,  electron  beam  collection,  and  output  coupling  from 
the  tube.  In  addition,  continued  efforts  will  be  made  to  increase 
the  overall  efficiency  of  the  design. 
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ABSTRACT 

Design  and  experimental  studies  of  the 
120  GHz,  TEgo  mode  gyrotron  of  Mitsubishi 
Electric  Corp.  are  reported.  Since  the 
first  operation  of  our  120  GHz,  TEq^  mode 
gyrotron'1',  our  efforts  have  been  aimed  at 
increasing  an  output  power  on  the  second 
tube.  The  second  tube  is  a  modular  type  and 
allows  interchange  of  important  parts  such 
as  a  magnetron  injection  gun,  a  cavity 
and  a  window.  The  tube  with  a  non-laminor 
gun  and  a  simple  tapered  cavity  (Q=579)  has 
achieved  the  maximum  output  power  of  167  kW 
at  120  GHz  in  the  TEgo  mode  with  short 
pulse.  The  efforts  for  increasing  pulse 
width  have  been  also  continued.  A  150  kW, 
10  msec,  sealed  type  of  gyrotron  was 
reported  at  the  5th  Annual  Conference  of 
the  Japan  Society  of  Plasma  Science  and 
Nuclear  Fusion  Research  (March,  1988).  In 
this  paper,  most  part  is  devoted  to 
descriptions  of  short  pulse  operation  on 
the  second  tube.  The  rest  introduces  the 
design  of  a  complex  cavity  for  high  power 
(^200kW)  and  long  pulse  (~100ms)  gyrotrons. 


INTRODUCTION 

In  Mitsubishi  Electric  Corp.  a  high 
power  (>100  kW)  and  high  frequency  (>100 
GHz)  gyrotron  for  electron  cyclotron 
heating  of  fusion  plasmas  has  been 
developed  since  1985.  The  first  tube 
generated  an  output  power  of  20.1  kW 
at  1 20.06  GHz  with  a  pulse  width  of  1ms  in 
1986'1  This  tube  is  going  to  be  used  for 
the  power  source  for  millimeter  wave 
scattering  measurment  of  tokamak  plasmas  at 
Kyoto  University.  A  test  of  cw  operation  at 
low  power  was  carried  out  and  an  output 
power  of  150  W  high  enough  for  scattering 
experiments  was  obtained  at  120  GHz. 

The  second  tube  was  designed  and 
constructed  in  order  to  test  the  important 
parts  of  a  high  power  (~200  kW)  gyrotron, 
namely,  a  magnetron  injection  gun,  a  cavity 
and  a  window. 

This  tube  is  a  modular  type  which  can 
be  separated  into  four  parts;  the  magnetron 
injection  gun,  the  main  body,  the 
collector,  and  the  window.  All  parts  are 
connected  with  flanges,  and  especially,  it 
is  possible  to  make  an  exchange  of  the 
cavity.  Therefore,  the  characteristics  of 
gyrotron  oscillation  on  various  profiles  of 


cavities,  including  a  complex  cavity,  can 
be  studied.  The  maximum  output  power  of  167 
kW  was  achieved  at  a  beam  voltage  of  63.9 
kV  and  a  beam  current  of  10.2  A  in  the 
first  experiment  of  this  tube  with  a  simple 
tapered  cavity. 


DESIGN  OF  THE  SECOND  TUBE 

The  cavity  used  in  the  first 
experiment  of  the  second  tube  was  a  simple 
tapered  cavity.  The  cavity  has  a 
theoretical  diffractive  Q  of  579.  The 
electron  beam  interacts  with  the  second 
radial  maximum  of  the  electric  field  of 
the  TEq3  cavity  mode.  The  cathode  has  half¬ 
angle  of  15“  and  the  emitted  hollow 
electron  beam  forms  a  non-laminor  flow.  The 
emission  belt  which  has  an  area  of  2.5  cm^ 
is  able  to  emit  a  beam  current  of  10  A.  The 
output  taper  from  one  end  of  the  cavity  to 
the  beam  collector  of  28  mm  in  diameter  is 
a  2“  linear  taper.  The  output  window 
consists  of  a  single  sapphire  disk  with 
edge  cooling.  Two  electrical  isolation  gaps 
in  the  gyrotron  enable  us  to  detect  each 
current  separately  flowing  into  the  main 
body,  the  collector  and  the  window. 

The  main  magnetic  field  is  generated 
by  superconducting  coils  which  can  produce 
the  maximum  magnetic  field  of  6T.  Two  pairs 
of  transverse  trim  steering  coils  placed 
around  the  main  superconducting  coils 
produce  the  radial  magnetic  field  in  the 
cavity  to  adjust  the  electron  beam 
trajectory  through  the  cavity. 

A  one-hole-coupler  for  measurment  of 
the  oscillation  frequency  and  a  water  load 
for  output  power  measurment  are  set  up 
above  the  output  window. 


EXPERIMENTAL  RESULTS 

An  Oscillation  mode  map  was  taken  at  a 
beam  voltage  of  60  kV  and  a  beam 
current  Ib  of  10  A  by  changing  the  gun- 
anode  voltage  and  the  main  magnetic  field, 
as  shown  in  Fig.1.  The  oscillation  of 
120.18  GHz  to  120.19  GHz  was  identified  as 
the  designed  TEgo  mode.  All  oscillations  of 
117.68  GHz  to  117.70  GHz,  117.80  GHz  and 
117.85  GHz  are  the  TE23  mode.  The 
oscillation  of  124.2  GHz  was  observed  at 
the  main  magnetic  field  above  4.7  T  and 
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identified  as  the  TE52  mode.  The  TE23  mode 
and  the  TE<jo  mode  are  competing  modes  with 
the  TEq^  mode.  In  this  experiment,  the  TEq^ 
mode  competed  with  the  TE^2  mode  at  the 
high  field  side  in  the  region  of  the  TEqj 
mode  oscillation,  but  not  with  the  TE 
mode. 

Figure  2  shows  a  plot  of  the  measured 
output  power  as  a  function  of  the  beam 
current  at  a  beam  voltage  Vb  of  63.9  kV  and 
a  gun-anode  voltage  Va  of  23  kV.  The  main 
magnetic  field  was  optimized  to  obtain  the 
highest  output  power  at  each  beam  current. 
The  maximum  output  power  of  167  kW  was 
achieved  at  1^=1 0.2  A  with  an  efficiency  of 
25.8%,  and  the  TEqo  mode  was  surely  excited 
from  the  measured  frequency.  Longer  pulse 
operation  was  also  tested,  and  a  pulse  with 
of  1.1  ms  was  achieved  at  an  output  power 
of  80  kW. 


DESIGN  OF  A  COMPLEX  CAVITY 

Our  next  program  is  to  develop  a  120 
GHz,  200  kW,  100  ms  gyrotron.  On  the  TEpn 
mode  gyrotron  with  a  simple  cavity,  the 
mode  competition  will  become  an  important 
problem.  We  have  started  the  design  studies 
of  a  complex  cavity.  Figure  3  shows  an 
example  of  a  TEf^/TEgp  complex  cavity. 

CONCLUSIONS 

The  second  modular  gyrotron  tube 
developed  at  Mitsubishi  Electric  Corp.  has 
achieved  an  output  power  of  167  kW  with  an 
efficiency  of  25.8%.  The  excitation  of  the 
TE0o  mode  was  verified  from  the  measured 
frequency  of  120.18  GHz  to  120.19  GHz. 

On  the  basis  of  the  experimental 
results  of  the  second  tube,  the  third 
gyrotron  of  the  sealed  tube  was  designed 
and  constructed.  The  magnetron  injection 
gun  and  the  cavity  of  the  third  gyrotron 
had  the  same  profiles  as  those  of  the 
second  tube  except  the  down  taper  angle  of 
the  cavity.  The  third  tube  has  generated 
the  maximum  output  power  of  152  kW  with  the 
frequency  of  120.1  GHz,..  TEqo  mode  and  a 
pulse  width  of  10.2  •  ms^'. 

The  complex  cavity  with  a  diffractive 
Q  value  of  534  is  being  constructed  now, 
and  its  experimental  test  will  be  carried 
out  soon,  using  the  second  tube. 
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Fig.1  Oscillation  mode  map  at  Vv=60 
kV  and  Ib=10  A 
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Fig. 2  The  measured  output  power  as  a 
function  of  the  beam  current 
at  Vb=63.9  kV  and  Va=23  kV 


Fig. 3  An  example  of  a  TEqj/TEqj 
complex  cavity 
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ABSTRACT 

A  1  MW,  280  GHz  gyrotron  oscillator  suitable  for  ECR 

heating  of  the  Compact  Ignition  Tokamak  (CIT)  is  presently 
being  designed.  The  design  is  based  on  successful  features 
of  our  present  experiment,  which  has  generated  powers  up 
to  765  kW  in  the  TE16i2,i  mode  at  148  GHz.  In  the  280 
GHz  gyrotron,  an  80  kV,  50  A  annular  beam  will  inter¬ 
act  with  a  high  order  whispering  gallery  mode.  Parametric 
studies  indicate  that  a  cavity  with  a  diameter  of  at  least  20A 
is  required  to  keep  wall  losses  low.  Detailed  studies  of  the 
electron  gun  and  12  T  magnet  indicate  both  are  feasible. 
Initial  experiments  are  planned  for  late  next  year. 


INTRODUCTION 

Rapid  advances  in  the  development  of  high  power  gy¬ 
rotron  oscillators  have  greatly  improved  prospects  of  using 
such  sources  for  ECR  heating  of  fusion  plasmas.  Gyrotrons 
are  particularly  attractive  sources  for  ECRH  because  they 
can  operate  continuously  at  low  voltages  (<100  kV).  One 
major  obstacle  to  generating  megawatt  powers  at  frequen¬ 
cies  above  100  GHz  is  the  need  to  operate  in  large  cavi¬ 
ties  with  closely  spaced  modes.  At  M.I.T.,  recent  oscillator 
experiments  (Ij  with  a  single  tapered  cavity  indicate  that 
mode  stability  and  suppression  of  nearby  competing  modes 
prevail  even  when  operating  in  very  high  order  modes.  We 
observed  single  mode  emission  at  243  GHz  with  output 
powers  of  470  kW  from  a  cavity  with  a  diameter  of  12A. 

Gyrotrons  are  also  attractive  because  of  their  high  ef¬ 
ficiency  (jj).  Nonlinear  theory  indicates  that  an  rj  of  50% 
can  be  achieved  with  a  single  cavity,  with  the  possibility  of 
using  depressed  collectors  to  provide  further  improvements. 
At  MIT,  our  goal  over  the  past  year  has  been  to  increase  the 
output  power  and  efficiency  of  our  140  GHz  gyrotron.  Ini¬ 
tial  experiments  with  a  long  cavity  having  a  6A  interaction 
length  ( L )  generated  765  kW  at  96  kV  and  36  A.  A  peak 
H  of  30%  occurred  at  20  A,  but  a  drop  in  tj  was  measured 
at  higher  currents  (see  Figure  1).  One  possible  explanation 
is  a  diffractive  Q,  Qd,  that  is  higher  than  expected,  which 
would  shift  the  peak  efficiency  to  lower  currents,  and  cause 
overbunching  at  higher  currents.  The  higher  Qd  could  be 
the  result  of  mismatches  in  the  output  section  of  the  gy¬ 
rotron,  in  particular  at  the  window.  A  shorter  cavity  with 
L  =  4.2A  and  lower  Qd  of  300  is  presently  being  tested. 
Self-consistent  nonlinear  theory  indicates  that  this  cavity 
can  achieve  peak  powers  and  efficiencies  similar  to  those  of 
the  long  cavity.  This  cavity  also  has  a  high  starting  cur¬ 
rent  of  6.4  A,  and  should  therefore  experience  less  mode 


competition  when  operating  at  80  kV  and  35  A. 

PARAMETRIC  ANALYSIS 

A  parametric  analysis  of  a  280  GHz  gyrotron  indicates 
that  megawatt  powers  can  be  generated  efficiently  if  limita¬ 
tions  due  to  mode  competition  can  be  overcome.  Because 
of  the  high  ohmic  cavity  losses,  it  is  necessary  to  operate  in 
a  very  high  order  mode.  The  index  ump  of  the  lowest  order 
TEm,p>1  mode  that  one  can  utilize  can  be  calculated  from 
the  following  equation  (2): 

/  2  _ 2\  2470pfl|P(MW)^(GHz) 

1  ’  /?iPoAm(W/m2) 

where  pohm  is  the  average  cavity  wall  losses,  and  a  p  of 
about  20  is  required  for  280  GHz  operation.  This  equation 
indicates  the  strong  dependence  of  ump  on  frequency.  The 
dependence  of  the  minimum  cavity  diameter,  which  occurs 
for  TE0>p>i  modes,  on  output  power  and  cavity  ohmic  losses 
is  shown  in  Fig.  2.  For  a  1  MW  gyrotron  with  a  conserva¬ 
tive  wall  loss  of  2  kW/cm2,  a  minimum  diameter  of  20A  is 
required.  Operating  in  m  0  modes  requires  even  larger 
diameters. 

Based  on  our  past  experimental  results,  asymmetric 
surface  modes  are  the  most  attractive.  Not  only  do  these 
modes  experience  less  mode  competition,  but  the  beam  can 
be  placed  near  the  cavity  wall  to  reduce  voltage  depression. 
The  parameters  of  a  potential  280  GHz  design  based  on 
the  TEgo.4,1  are  given  in  Table  1.  A  modest  tj  of  25%  is 
assumed  although  higher  values  are  likely.  The  major  dif¬ 
ference  with  the  140  GHz  gyrotron  is  the  increase  in  the 
radial  dimensions  of  the  beam  and  cavity.  The  beam  will 
also  couple  strongly  to  all  nearby  TEm>4>1  modes,  resulting 
in  step  tuning  with  approximately  3  GHz  steps.  An  inter¬ 
nal,  quasioptical  converter  could  be  used  to  transform  the 
output  radiation  of  these  modes  into  a  linearly  polarized, 
Gaussian  beam,  and  separate  the  rf  power  from  the  elec¬ 
tron  beam.  This  would  simplify  the  design  of  the  collector, 
and  allow  the  possibility  of  depressed  operation  in  order 
to  enhance  the  overall  efficiency.  Such  a  design  would  also 
simplify  the  output  window,  which  could  be  made  larger  to 
reduce  the  power  density  and  positioned  at  the  Brewster 
angle  to  minimize  reflections  back  into  the  cavity. 

GUN  DESIGN 

An  adiabatic  model  [3]  has  been  used  to  select  the  main 
parameters  of  an  80  kV,  50  A  electron  gun.  Constraints 
on  the  beam  radius,  thickness  and  density  in  the  cavity, 
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as  well  as  the  maximum  electric  field  between  the  cathode 
and  first  anode  (Ee),  have  been  taken  into  account.  Figure 
3  shows  the  effect  of  varying  Ec  on  magnetic  compression 
and  cathode  radius,  with  the  dashed  lines  indicating  our 
design  values.  This  design  has  a  cathode  angle  of  35°  and 
an  emitter  current  density  of  5.8  A/cm2.  The  gun  operates 
at  6.5%  of  the  Langmuir  current,  consistent  with  present 
gyrotron  guns.  The  electrode  shapes  have  been  optimized 
using  the  Herrmannsfeldt  code.  The  design  presently  pro¬ 
duces  an  annular  beam  with  ux/v||  =  2  and  At)j./vx=4.6% 
in  the  cavity. 

This  research  is  supported  by  the  Department  of  En¬ 
ergy  under  Contract  DE-AC02-78ET51013. 
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TABLE  1 

140  GHz 

280  GHz 

Current(A) 

35 

50 

Voltage(kV) 

80 

80 

Vt{%) 

36 

25 

Velocity  ratio 

1.93 

2.0 

Beam  radius(cm) 

0.53 

1.4 

Cavity  radius(cm) 

0.75 

1.7 

Cavity  length(L/A) 

6.0 

7.1 

Diffractive  Q 

450 

630 

Magnetic  compression 

30 

40 

Cavity  current  density(A/cm2) 

384 

510 

Beam  thickness(r/,) 

3.85 

3.2 

Voltage  depression(%) 

4.0 

2.6 

Emitter  radius(cm) 

2.89 

8.9 

BEAM  CURRENT  (A) 

Figure  1 

Optimum  theoretical  and  experimental 
efficiency  for  the  TEi6>2>i  mode 


OUTPUT  POWER  (MW) 


Figure  2 

Minimum  cavity  diameter  as  a  function 
of  average  ohmic  wall  losses. 


CATHODE  E-FIELD  (kV/cm) 
Figure  3 

Cathode  radius  and  magnetic  compression 
as  a  function  of  the  electric  field  between 
the  cathode  and  first  anode. 


COMPRESSION 
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INTRODUCTION 

The  gyroklystron  is  a  potential  source  for  driving  advanced  ac¬ 
celerators,  such  as  the  proposed  300-500  GeV  electron-positron 
collider.  Sources  with  frequencies  higher  than  those  commonly 
used  in  accelerators  (e.g.  2.9  GHz)  are  desired  because  higher  ac¬ 
celerating  gradients  can  be  created,  thus  reducing  the  length  and 
cost  of  the  device.  Because  of  the  inherent  advantages  of 
gyrotrons,  such  a  source  is  expected  to  be  able  to  produce  sig¬ 
nificantly  higher  power  at  high  frequencies  than  that  possible 
with  a  linear  beam  tube.  A 10  GHz,  30  MW  gyroklystron  is  being 
developed  at  the  University  of  Maryland  to  demonstrate  this 
potential.m 

However,  it  is  recognized  that  the  gyroklystron’s  efficiency  is  in¬ 
ferior  to  its  linear  beam  counterpart  because  gyrotrons  extract 
energy  primarily  from  only  beam  rotational  motion.  Thus,  for  high 
average  power  systems,  as  a  large  accelerator  clearly  is,  a  method 
for  enhancing  the  efficiency  is  important. 

For  example,  a  scaling  study  relevant  to  the  electron-positron  col¬ 
lider  predicts  a  required  average  RF  system  power  of  100-200 
MW.  If  the  capital  costs  of  the  input  power  supply  and  regulator 
and  cooling  system  are  $0.40  per  Watt, [2]  then  an  increase  in  the 
efficiency  from  30%  to  63%  would  result  in  a  $  1 40  million  saving 
in  a  200  MW  system.  Coupled  with  expected  savings  in  operat¬ 
ing  costs,  this  clearly  points  out  the  importance  of  efficiency  en¬ 
hancement. 

Depressed  collectors  are  commonly  used  in  linear  beam  tubes. 
The  total  efficiency, nt,  of  a  tube  with  a  depressed  collector  is  given 
by  Tit  =  T|e/(1-T|r(l-T|c)),  where  tic  and  T|r  are  the  electronic  and 
collection  efficiencies,  respectively.  This  relationship  is  plotted  in 
Figure  1,  which  shows  that  substandal  increases  in  the  total  ef¬ 
ficiency  can  be  obtained  with  collection  efficiencies  over  60%. 


DESIGN  ISSUES 

Conversion  of  Rotational  to  Axial  Motion 

A  depressed  collector  can  recover  only  that  energy  which  is  as¬ 
sociated  with  axial  motion.  The  beam  in  a  gyrotron  has  most  of 
its  energy  in  rotational  motion,  which  then  must  be  converted  for 
efficient  collection.  Some  of  the  conversion  can  be  accomplished 
through  an  adiabatic  reduction  of  the  magnetic  field.  Initial  simula¬ 
tions  (using  EGUN,  by  W.  Herrmannsfeldt)  indicate  that  the 
velocity  ratio,  a,  can  be  reduced  from  -1.5  to  -0.2  in  this  manner. 
At  this  point  the  scale  length  of  the  larmor  orbit  in  the  axial  direc¬ 
tion  becomes  very  la.^c,  and  further  adiabatic  decompression 
would  require  a  prohibitively  long  and  large  diameter  system.  To 
further  reduce  the  field  in  a  reasonable  length  and  without  too 
much  heating  of  the  beam,  a  cusp  has  been  found  to  be  effective. 


Figure  1.  Total  Efficiency  of  a  microwave  tube  with  a  depressed 
collector,  as  a  function  of  the  collector  and  electronic  efficien¬ 
cies. 

Number  of  Electrodes 

Because  the  electronic  efficiency  of  the  gyrotron  is  predicted  to 
be  moderately  high,  the  beam  exiting  from  the  cavity  will  have  a 
significant  energy  spread.  The  electron  spectra  calculated  for  the 
30  MW  gyroklystron  are  shown  in  Figure  2.  As  can  be  seen,  while 
there  is  a  peak  at  roughly  half  the  initial  energy  of  500  kV,  a  sig¬ 
nificant  fraction  of  the  beam  electrons  will  have  energies  else¬ 
where  in  the  spectrum.  To  efficiently  collect  a  beam  with  such  a 
spectrum,  multiple  collection  electrodes  are  required.  The  ef¬ 
ficiency  for  2,3  and  4  element  collectors,  assuming  roughly  op¬ 
timized  electrode  voltages  and  perfect  collection  on  each  electrode 
(no  reflections  or  secondaries),  has  been  calculated  as  given  in 
Table  1.  A3  element  collector  appears  most  reasonable. 


Figure  2.  Energy  spectrum  of  spent  beam  from  30  MW  gyrok¬ 
lystron.  The  initial  energy  is  500  keV,  the  current,  150  A. 
Spectra  for  electronic  efficiencies  of  10%  and  30%  are  given. 
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Table  1.  Collection  and  total  efficiencies. 


Electronic 

Number  of 

Collector 

Total 

Efficiency 

Electrodes 

Efficiency 

Efficiency 

10 

2 

79 

35 

10 

3 

84 

41 

10 

4 

86 

45 

30 

2 

71 

59 

30 

3 

77 

65 

30  4 

Backscattered  Electrons 

80 

69 

At  the  voltages  of  interest,  both  true  secondaries  and  reflected 
primaries  will  be  encountered.  Data  in  the  literature  indicate  that 
the  total  backscatter  coefficient  over  the  range  100  kV  -  300  kV 
is  on  the  order  of  0.3  for  copper,  and  approximately  0.05  for 
graphite.  (The  graphite  can  be  used  as  the  actual  electrode  material 
or  deposited  on  the  surface  of  copper.)  Even  with  this  relatively 
modest  coefficient,  it  will  be  important  to  avoid  producing  or 
reflecting  electrons  where  they  can  be  accelerated  to  another 
electrode  or  back  to  the  cavity,  thereby  decreasing  efficiency.  This 
requires  that  the  electrons  impact  on  the  electrodes  on  the  side 
away  from  the  cathode,  i.e.,  the  axial  motion  must  be  reversed. 

INITIAL  DESIGN 

An  initial  design  for  a  depressed  collector  for  the  University  of 
Maryland  gyroklystron  is  shown  in  Figure  3.  The  trajectories 
shown  are  from  EGUN,  with  an  initial  beam  energy  spectrum  for 


a  gyroklystron  efficiency  of  10%.  In  order  to  focus,  then  deflect 
the  high  energy  portion  of  the  beam,  a  compound  cusp  in  com¬ 
bination  with  a  magnetic  field  "bump"  was  required,  as  shown. 
The  collection  efficiency  of  this  design,  ignoring  effects  of  secon¬ 
daries,  etc.,  is  82%.  This  is  close  to  the  value  given  in  Table  1, 
which  was  determined  using  an  idealized  collection  model.  Op¬ 
timization  of  the  electrode  potentials  may  increase  this  value.  Ad¬ 
justment  of  the  electrode  position  and  potentials  should  also 
improve  the  locations  of  the  electron  impact,  and  could  reduce  the 
necessity  for  some  of  the  complex  shaping  required  to  avoid 
electrons  reaching  the  insulators. 

The  effect  of  backscattered  electrons  will  be  studied  by  forming 
"secondary"  cathodes  at  the  electrode  surfaces.  This  will  be  done 
via  modifications  of  EGUN.[2] 

CONCLUSIONS 

Initial  calculations  indicate  that  a  depressed  collector  for  the 
U.Md.  gyroklystron  could  have  a  high  (80%)  collection  efficien¬ 
cy.  Total  efficiencies  exceeding  60%  should  thus  be  possible. 

Research  supported  by  the  Department  of  Energy,  Contract  #DE- 
AC05-88ER80646. 
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Figure  3.  Sketch  of  an  initial  design  for  a  depressed  collector  for  a  30  MW  gyroklystron.  Axes  scales 
are  in  mesh  units,  with  1  mesh  unit  =  1.25  mm.  The  horizontal  axis  is  the  z  direction,  the  vertical,  r. 
The  largely  vertical  lines  in  the  plot  are  equipotential  lines,  while  those  starting  nearly  horizontal  on 
the  left  are  the  beam  trajectories. 
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gyrotron  IV  -  a  new  tunable  gyrotron 


G.F.  Brand 

School  of  Physics,  University  of  Sydney, 
NSW,  2066,  AUSTRALIA 


INTRODUCTION 

GYROTRON  IV  is  the  latest  in  a  series  of 
tunable  gyrotrons  designed  and  constructed  at  the 
University  of  Sydney  (1).  Like  GYROTRON  III,  it  is 
tuned  by  raising  the  field  of  a  12  T 
superconducting  magnet.  One  cavity  resonance  after 
another  is  excited.  It  will  provide  more  than  10  W 
of  cw  power  over  the  frequency  range  75  to  330 
GHz.  However,  a  number  of  design  changes  have  been 
made  to  simplify  the  construction  and  improve  the 
quality  of  the  output. 

NEW  DESIGN 

The  construction  of  GYROTRON  IV  is  shown 
in  Fig.  1.  The  fabrication  of  most  of  the 
components  is  very  straightforward  -  perhaps  this 
will  encourage  other  groups  to  construct  their  own 
gyrotrons . 


Fig.  1.  GYROTRON  IV 

Its  height  is  1.87  ra.  It  fits  into  the  50 
mm  bore  of  the  superconducting  magnet  which  is 
lowered  onto  it  from  above. 

The  gyrotron  is  pumped  from  thj 
stainless-steel  electron  gun  cube  by  a  60  2.s 
Varian  Vacion  pump.  The  entire  electron  gun 
structure  (Fig.  2)  is  mounted  on  a  6-inch  conflat 
blank  which  is  attached  to  the  bottom  of  the  cube. 
This  allows  for  easier  access. 


cathode 


feedthrough 
(1  of  3) 


Fig.  2.  The  electron  gun. 

The  resonant  cavity  is  water-cooled  for 
frequency  stability.  The  stainless  steel  water 
jacket  provides  mechanical  support  for  the 
profiled  copper  cavity.  The  construction  of  the 
cavity  as  a  single  unit  permits  easy  interchanging 
so  that  cavities  with  other  profiles  can  be 
tested. 

The  copper  output  waveguide  which  also 
serves  as  the  collector  for  the  electron  beam  is 
water-cooled. 

Design  changes  to  improve  the  quality  of 
the  output  include: 

(I)  a  step  in  the  cavity  profile  and 
sine-squared  transitions  from  the  drift  tube  to 
the  cavity  and  from  the  step  to  the  output 
waveguide  (Fig.  3). 


65 


(all  dimensions  in  mm) 


Fig.  3.  The  profile  of  the  resonant  cavity. 
The  electron  gun  lies  to  the  left. 
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One  important  difference  between  low-power 
and  high-power  gyrotrons  is  the  constriction  at 
the  output  end  which  prevents  the  escape  of  all 
but  a  small  fraction  of  the  energy  in  the  cavity. 
This  ensures  that  starting  currents  are  low.  Any 
power  that  escapes  does  so  by  mode  conversion  from 
the  main  cavity  mode  to  an  adjacent  mode  in  the 
vicinity  of  the  constriction. 

The  step  ensures  that  the  location  of  the 
mode  conversion  is  precisely  known  and  the 
sine-squared  transitions  ensure  that  mode 
conversion  is  minimal  elsewhere.  Furthermore, 
calculations  of  mode  conversion  for  a  step  are 
much  simpler  than  those  for  a  waveguide-taper 
junction. 

Calculations  of  the  resonant  frequencies 

of  the  TE  .  modes  are  tabulated  below. 

Om 

TABLE  1 

Resonant  Frequencies  and  Diffraction  Q's 

for  TE  .  modes  in  GYROTRON  XV. 

Urn 

TE  mode  resonant  diffraction 

frequency  Q 

(GHz) 


0  4 

85.32 

8.8  x  10 

0  5 

105.27 

8.5 

0  6 

125.24 

8.7 

0  7 

145.20 

9.0 

0  8 

165.17 

9.4 

0  9 

185.14 

9.9 

0  10 

205.11 

10.2 

0  11 

225.08 

10.5 

0  12 

245.06 

10.8 

0  13 

265.04 

11.0 

0  14 

285.01 

11.3 

0  15 

304.99 

11.5 

0  16 

324.97 

11.6 

These  calculations  were  carried  out  in  the 
following  way.  A  first  estimate  of  the  resonant 
frequency  was  obtained  by  treating  the  cavity  as  a 
cylinder  with  closed  ends.  The  reflection 
coefficient  for  the  main  cavity  mode,  taking  into 
account  mode  conversion  to  other  TEq^  modes  at  the 
step,  was  calculated  using  this  frequency.  This 
reflection  coefficient  was  used  as  one  boundary 
condition  for  a  new  estimate  of  the  resonant 
frequency  which  takes  into  account  the 
slowly-varying  profile  of  the  cavity  (2)  going 
from  Che  step  towards  the  electron  gun.  This  new 
frequency  is  used  to  obtain  a  refined  estimate  of 
the  reflection  coeffcient,  and  so  on. 

There  will  also  be  strong  TE^m  modes 
occurring  between  these  TEq^  modes. 

(ii)  The  profiled  output  window  which  has 
been  used  in  our  other  gyrotrons  (3)  to  provide  a 
non-reflecting  transition  between  the  vacuum  and 
the  outside  will  be  replaced  by  a  plane  window. 

While  bench  tests  of  the  profiled  windows 
with  an  incident  gaussian  beam  confirm  that 
reflections  are  indeed  small  over  the  frequency 
range  of  interest,  it  does  seem  likely  that  the 


regular  pattern  can  produce  mode  conversion  to 
modes  of  other  symmetries.  To  eliminate  this 
possibility  a  plane  fused  silica  window  will  be 
used. 

Calculations  for  the  plane  window 
(diameter  40  mm)  show  that  the  reduction  in  the 
transmitted  power  due  to  reflection  back  into  the 
waveguide  will  never  be  greater  than  2.4  dB. 

GYROTRON  OPERATION 

Like  GYROTRON  III,  the  new  gyrotron  will 
be  operated  typically  with  an  accelerating  voltage 
of  10  kV  and  a  beam  current  of  50  mA.  Experience 
with  GYROTRON  III  has  shown  that  the  separate 
anode-cathode  power  supply  can  be  replaced  by  a 
single  15  MO  resistor  connected  bet;  Jen  the  anode 
and  the  resonator  body  which  is  grounded. 

The  anode  finds  a  suitable  potential 
because  some  electrons  are  reflected  back  to  it 
before  reaching  the  cavity.  Negative  feedback 
occurs.  If  the  anode  potential  is  too  high,  more 
electrons  have  a  large  initial  transverse  energy 
and  so  more  electrons  are  reflected  back  thereby 
lowering  the  anode  potential. 

A  quasi-optical  antenna  will  be  mounted  at 
the  top  of  the  gyrotron  to  couple  the  radiation 
into  a  low-order  mode  in  a  waveguide.  GYROTRON  IV 
will  replace  GYROTRON  III  as  a  source  for 
millimeter-submilllmeter  wave  scattering  on  the 
department's  TORTUS  tokamak  plasma  (4). 
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CHARACTERISTICS  OF  COUPLED  PLANAR  SIMP-SLOT  RESONATORS 
WITH  MULTIPLE-LAYER  DIELECTRICS 

Aosheng  Rong  Sifan  Li 
Research  Institute  of  EMF  and  Microwaves 
Southeast  University 
Nanjing,  P.R. China 


ABSTRACT 

Coupled  planar  strip-slot  resonators  with  multiple- 
layer  dielectrics  are  investigated  by  the  reaction 
theorem  in  electromagnetic  field  theory.  A  variation¬ 
al  formula  for  the  resonant  frequency  is  established, 
which  involves  only  the  electric  fields  on  slots  and 
the  electric  currents  on  strips.  TWo  coupled  suspend¬ 
ed  rectangular  strip-slot  resonators  are  computed. 

The  numerical  results  agree  well  with  the  experi¬ 
mental  data. 

INTRODUCTION 

Planar  resonators  are  indispensable  circuit  ele¬ 
ments  for  millimeter  wave  integrated  oscillators, 


the  trial  fields  according  to 


ric 


E  +  VxH 


M  =  -joyiH  -7xE 

J  =  HXn 
s 

Ms  =  n*E 

Jsk=  (H(k)-H(k+1))Xuy 

M  ,  =  u  x(E(k)-  E(k+1)) 
sk  y 


(2) 


If  the  trial  fields  are  so  chosen  as  to  satisfy  the 


sk 


(3) 


Sik 


antennas  and  measurement  systems.  In  the  range  of  mil-  source  free  Maxwell's  equations  in'T,  and  homogenous 
limeter  wave  frequency,  the  resonant  frequency  of  these  conditions  on  boundary  S  ,  then  J,MK  and  J  ,M  vanish, 
resonators  needs  accurate  calculation  based  on  the  „  _  .  .  °  s  s 

rigorous  electromagnetic  field  theory,  because  of  their  inus>  reauces  inco 

smaller  dimensions  conpare  to  the  operating  wavelength.  N-l  ft 
Some  numerical  methods  such  as  two-dimensional  spectral  JJ  (E-J  .  -H-M  .  )ds  =  0 

domain  approach  have  been  presented  [1,2].  But  the  cha-  k=l U  sR  SK 

racteristic  equations  involved  in  these  methods  usually 
require  high  numerical  expense.  In  this  paper,  the  -  .  f.al,c  f(k)  v(k).  ~ 

application  of  the  reaction  theorem  in  electromagnetic  ^t  k  fre  e?“ 

field  theory  is  presented  to  coupled  planar  stri^slot  Ponded  in  terms  of'TE'anil  TM  modes  in  the  rectangular 

resonators  with  Sultiple-layer  dielectrics.  A  reSir-  "W1*  Wltk.inner  dilr^ion  *  l£t  ^trial 
sive  relation  of  electronagnetic  fields  between  adjacentflelds' contlnuous  011  the  surfaces  Wfc  (k=kl»k2) 
dielectric  regions  is  derived,  from  which  the  character¬ 
istic  equation  for  the  resonant  frequency  of  the  re¬ 
sonators  is  established.  This  equation  is  stationary 
and  involves  only  unknown  electric  fields  on  slots 
and  the  electric  currents  on  strips.  Therefore,  it  can 
be  calculated  with  less  CPU  time  . 


?> 


t:(k+l) 
=  Et 

T7(k+1) 
=  Ht 


(4) 


PRINCIPLE 

Fig.l  shows  the  coupled  planar  strip-slot  resonator 
vri.th  N-layer  dielectrics.  It  is  assumed  that  the  slots 
are  deposited  on  the  surface  between  k.  th  and  k_.+l  th 
layer;  the  metallic  strips  are  between^th  and1 

'K2+I  th  layer.  Because  the  true  field,  at  resonance 

is  a  source  free  field,  by  the  reaction  theorem  [3,4], 
the  reaction  of  any  field  on  its  own  sources  is  zero, 
that  is, 


A  recursive  relation  of  the  trial  fields  between 
adjacent  dielectric  regions  can  be  derived.  And  then, 
suppose  the  trial  electric  fields  on  the  slots  to  be 


E^kl)=  E^V15  =  E 
t  t  to 

Generally,  H^l^does  not  equal  to  H^kl+1) 


(5) 


so  a 


surface  electric  current  Jg  will  exist  on  the  surface 


y=yt< 


(E\J  -  H-M  )  dr+ 


Mff--  -- 


k=l  TV 


k=li 


4 


+  Jl  (E-J„  -H-M 

s  s 


(E*Jsk-H’‘Vds 
sik 


j  =  ux(iiJki)  -  id1<i+1)) 

s  y  t  t 


(6) 


Impose  the  trial  fields  on  the  surface  y=y.  to 


satisfy  the  condition  as  follows 


k2 


)ds  =  0 


(1) 


Where  SQ  refers  to  outer  boundary  and  S.j  inner  sur- 
ner  surfaces.  J,M;  JsjMg  and  dsk>Msicare  the  assumed 
electric  and  magnetic  sources.  They  are  found  from 


E^V-  E^k2+1  ^  =  0 

ux(  Tl£k2)-  Hlk2+1)) 


J, 

=  < 

to, 


J,  on  strip  S 


(7) 


onSik2- 


Fran  above  recursive  relation  and  Eq.(3)-(7),  a 
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stationary  characteristic  equation  for  the  resonant 
frequency  can  be  established. 


det 


%  ^2 

^1  ^22 


=  0 


(8) 


Where  the  submatrices  A  (p,q=l,2)  depend  on  the 
shape  and  the  dimensions^of  the  resonator.  They  imply 
only  the  electric  fields  on  the  slots  and  tiie  electric 
currents  on  the  strips. 


NUMERICAL  EXAMPLES 

Coupled  suspended  rectangular  strip-slot  resonators 
shown  in  Fig.2(a)  and  (b)  are  computed.  Fig.3(a)  and 
(b)  show  the  resonant  frequencies  f  versus  the  strip 
length  1  .  As  seen  in  the  figures,  0  the  present 
results  agree  well  with  the  experimental  data  [1]. 
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EXCITATION  AND  TRANSMISSION  MEASUREMENTS  OF  DIELECTRIC  ROD 
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ABSTRACT 

The  sole  excitation  of  the  HEu  mode 
along  the  dielectric  red  waveguide  up  to 
the  150  GHz  band  has  been  studied. 
Measurements  have  been  done  on  the 
guide-wavelengths  along  the  TPX  rod 
waveguide  with  diameters  3*1,  2.0,  1.5 
and  1.0  mm  in  the  150  GHz  band.  It  has 
been  shown  that  the  TPX  rod  waveguide 
with  a  diameter  less  than  or  equal  to  1.5 
mm  can  transmit  only  the  HEii  mode  in  the 
150  GHz  band. 


INTRODUCTION 

The  HEu  mode  of  a  dielectric  rod 
waveguide  is  very  suited  to  transmit  both 
the  signal  and  LO  waves  in  a  Josephson 
harmonic  mixer,  because  it  has  no  cutoff 
frequency  and  has  very  low  loss.  In  the 
previous  paper[1],  we  proposed  a  composit 
waveguide  which  consisted  of  a  TPX  (poly- 
methylepentene)  rod  waveguide  with  a 
diameter  3.1  mm  coupled  to  metal  rectangu¬ 
lar  waveguides  WRJ740  at  both  ends.  The 
sole  excitation  of  the  HEn  mode  was  con¬ 
firmed  in  the  frequency  range  of  52-104 
GHz.  It  was  concluded  that  to  secure 
the  sole  excitation  of  the  HEu  mode  up  to 
150  GHz,  the  diameter  of  the  rod  waveguide 
must  be  reduced  smaller  than  3*1  mm. 

In  this  report,  measurements  have  been 
done  in  the  1 50  GHz  band  on  the  guide= 
wavelengths  along  the  TPX  rod  waveguides 
with  various  diameter  smaller  than  3.1  mm. 


EXPERIMENTAL  RESULTS 

The  guide-wavelength  along  the  dielec¬ 
tric  rod  waveguide  with  diameters  3-1, 

2.0,  1.5,  1.0  mm  have  been  measured. 

The  dielectric  material  is  TPX  (c  =2.12) 
and  the  methods  of  excitation  andrmeasure- 
ment  are  the  same  as  the  previous  one(1]. 
The  phase  constants  S's  obtained  from  the 
measurements  have  been  compared  to  the 
well-known  dispersion  equation[2]; 


{1  JUIM+I  KmlM 
p  Jm(p)  q  &m(q) 


}{ 


erJm1 (p)  1  Km 1 ( q ) . 
p  Jm(p)  q  Km(q)  ; 


(1) 


(|)2=-o)2e0Uo  -Y2, 

a 

Y  =0!  +  36 , 

where  a  is  the  radius  of  the  rod. 

In  Fig.  1,  measured  phase  constants 
6  *  s  on  the  dielectric  rod  waveguide  with 
a  diameter  3.1  mm  are  plotted  versus  the 
frequency  f,  together  with  the  theoretical 
curves  from  Eq.1.  The  experimental  data 
lie  very  close  to  the  theoretical  disper¬ 
sion  curve  of  the  HEu  mode  except  in  the 
150  GHz  band.  In  the  150  GHz  band,  it 
seems  that  other  higher  modes  are  excited. 

To  suppress  the  excitation  of  higher 
modes  and  to  secure  the  sole  excitation 
of  the  HEu  mode  up  to  the  150  GHz  band, 
we  made  various  TPX  rod  waveguides  with 
diameters  smaller  than  3*1  mm,  and  mea¬ 
sured  the  dispersion  relations.  The 
experimental  dispersion  data  in  the  150 
GHz  band  and  the' theoretical  curves  are 


f  (GHz) 


<!>' 


=oi2er£0Uo 


+  y 


Figure  1 

Measured  and  theoretical  dispersion 
relations  on  the  TPX  rod  waveguide  with 
a  diameter  3.1  mm. 


188 


W1.3 


f  (GHz) 
Figure  2 


Measured  and  theoretical  dispersion  rela¬ 
tions  on  the  TPX  rod  waveguide  with 
diameters  (a)  2.0mm,  (b)  1.5mm  and 
(c)  1.0mm. 


shown  in  Fig.  2  (a),  (b)  and  (c),  for  rod 
diameters  2.0  mm,  1.5  mm  and  1.0  mm, 
respectively.  For  a  rod  diameter  2.0  mm, 
the  plots  of  the  data  distribute  both  on 
the  HEn  mode  curve  and  on  the  higher  mode 
curves.  This  suggests  the  excitation  of 
spurious  modes  besides  the  HEu  mode,  but 
the  HEii  mode  is  dominantly  excited  for  a 
rod  diameter  2.0  mm.  This  is  different 
from  the  case  of  a  diameter  3.1  mm.  In 
Fig.  2(b),  it  is  shown  that  the  sole  exci¬ 
tation  of  the  HEn  mode  has  been  observed 
on  the  rod  with  a  diameter  1.5  mm  in  the 
150  GHz  band.  In  Fig.  2(c),  we  observe 
the  sole  excitation  of  the  HEu  mode  on  the 
TPX  rod  waveguide  with  a  diameter  1.0  mm  in 
the  150  GHz  band.  Theoretically  also,  no 
other  higher  modes  exist. 

DISCUSSIONS  AND  CONCLUSIONS 

As  state  above,  it  is  observed  that  the 
TPX  rod  waveguide  with  a  diameter  smaller 
than  1.5  mm  transmit  the  HEu  mode  solely 
in  the  150  GHz  band. 

Theoretically,  the  TE0i  and  TM0i  modes 
can  be  excited  on  the  TPX  rod  waveguide 
with  a  diameter  1.5  mm,  but  they  have  not 
been  observed  experimentally.  The  sup¬ 
pression  of  these  modes  is  supposed  to  be 
due  to  the  exciting  method[1]  which  uses 
the  coupling  between  the  rectangular  wave¬ 
guide  TEio  mode  and  the  dielectric  rod 
waveguide  mode. 
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ABSTRACT 

Ap  approach  for  the  analysis  of  waveguides  with  mul¬ 
tiply  connected  cross  section  is  presented.  It  is  based 
on  a  field  expansion  with  respect  to  the  normal  modes 
of  the  corresponding  hollow  waveguide  with  the  same 
outer  conductor.  This  is  in  particular  useful  if  the 
outer  conductor  has  a  rectangular  or  circular  cross 
section.  The  method  can  be  applied  to  a  large  number 
of  guiding  structures  with  both  touching  and  non 
touching  inner  conductors.  This  includes  e.g.  ridged 
waveguides,  finned  waveguides,  strip  lines,  and  two 
wire  transmission  lines.  Here  the  validity  of  the 
method  is  checked  by  analyzing  a  coaxial  line. 

INTRODUCTION 

Except  for  waveguides  whose  cross  sections  coincide 
with  the  surfaces  of  one  of  the  orthogonal  coordinate 
systems,  a  systematic  analysis  of  the  eigenmodes  is 
not  available.  Many  guiding  structures  have  a  rectan¬ 
gular  or  circular  outer  boundary  and  touching  or  non 
touching  metal  inserts.  Examples  are  strip  lines,  finn¬ 
ed  waveguides,  ridged  waveguides,  and  two  wire 
transmission  lines.  Theso  structures  can  systematically 
be  analyzed  by  expanding  their  electromagnetic  field 
with  respect  to  the  eigenmodes  of  the  corresponding 
hotlow  rectangular  or  circular  waveguide.  This  method 
principally  is  a  continuation  of  that  presented  in  [1] 
for  the  analysis  of  inhomogeneously  and 
anisotropically  filled  waveguides.  If  both  methods  are 
combined,  structures  with  inhomogeneous  or  aniso¬ 
tropic  filling  can  equally  be  analyzed. 


f  (7h  ■  7  h  )  dS  =  k2  P  4  ,  (1— b) 

J  — t  zn  — t  zm  nh  nh  nm 

S 

where  k„h  is  the  cutoff  wavenumber  of  the  TE  mode 
characterized  by  h2n.  The  field  components  of  a  TE 
mode  in  the  original  structure  (i.e.  with  the  metal  in¬ 
sert  S0  present)  fulfill  the  following  equations  [3]: 


v,  X  e  =  -jou  h  k  , 
t  o  z 

(2-a) 

A 

jp  e  =  jop  (h  x  k)  , 

—  o  ■"* 

(2-b) 

Zt  *  h  =  0  , 

(2-c) 

k2  h  =  -jp  7  h  , 

C  u  Z 

(2-d) 

where  Vt  is  the  transverse  del  operator,  e  and  h  are 
the  transverse  electric  and  magnetic  fields,  respecti¬ 
vely,  and  kc  is  the  cutoff  wavenumber  (k§  =  kj  -  p2). 

Our  aim  now  is  to  find  series  expansions  with  respect 
to  { h zn )  and  {7thzn>  which  identically  vanish  on  S„ 
and  converge  to  h2  and  h,  respectively,  on  (S-S0). 
Because  h2  does  not  vanish  on  CD,  its  series  expan¬ 
sion  has  a  step  discontinuity  at  CD,  and  hence  the 
series  expansion  cf  h  cannot  be  obtained  by  a  term 
by  term  differentiation  of  (2-d).  The  two  series  can, 
however,  be  written  as 


In  this  paper,  only  waveguides  with  doubly  connected 
cross  section  are  analyzed.  The  extension  to  the  multi¬ 
ply  connected  case  is  straightforward.  Although  the 
waveguide  with  a  touching  inner  conductor  has  a 
simply  connected  cross  section,  it  will  be  analyzed 
here  as  a  special  case  of  a  doubly  connected  one. 

MATHEMATICAL  FORMULATION 

Consider  a  waveguide  with  a  cross  section  as  shown 
in  Fig.  1.  The  direction  of  propagation,  in  which  the 
structure  is  uniform,  is  taken  along  the  z-axis.  Tho 
corresponding  propagation  constant  is  p. 


h  on  (S-S  ) 

z  o 

0  on  S 


v.  h 


“ t  zn 
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on  (S-S  ) 
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on  S 
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(3-a) 


(3-b) 


Substituting  (3)  into  (2)  and  making  use  of  the  ortho¬ 
gonality  relation  (1),  one  obtains 


1)  TE  Modes 

Lot  (hjn)  be  the  complete  set  of  axial  magnetic  fields 
which  characterizes  the  TE  modes  in  tho  hollow  wave¬ 
guide  with  cross  section  S  (i.e.  with  the  metal  insert 
S0  removed).  The  different  modes  are  orthogonal 
according  to  [2] 
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(1-a)  where 
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Equation  (4)  can  be  written  in  matrix  form 
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([Ah]  -  [Chj)  a  =  k2  a  , 


(5) 


where  [Ah]  iB  a  diagonal  matrix  with  elements  k£h» 
CCh]  is  a  square  matrix  with  elements  C|}m,  and  a  is  a 
column  vector  with  elements  an. 


2)  TM  Modes 


In  a  similar  way,  the  axial  electric  field  of  a  TM  mode 
can  be  expanded  as 


e  on  (S-S  ) 
z  o 


O 


The  corresponding  eigenvalue  equation  is  then  given 
by 

(fAc]  +  [C*])  a  =  k2  a  ,  (7) 


Fig.  1:  A  doubly  connected  cross  section. 


where  all  quantities  with  sub-  or  superscript  "e"  have 
the  same  meaning  with  respect  to  the  TM  case  as  the 
corresponding  quantities  with  sub-  or  superscript  "h" 
with  respect  to  the  TE  case. 

NUMERICAL  RESULTS 


To  demonstrate  the  validity  of  the  method,  a  coaxial 
transmission  line,  for  which  the  eigcnmodes  are  ana¬ 
lytically  known,  has  been  analyzed.  The  outer  and  in¬ 
ner  conductors  have  radii  a  and  b,  respectively.  For 
rotational  symmetric  TM  modes  we  can  write 


e  =  J  (k  r) 

zn  o  n© 


(8-a) 


a 


P 

ne 


n  a2  J2(p  ) 

l  n 


(8-c) 


Cr/a)  — * 


where  p„  is  the  n’th  zero  of  J0(x).  J 

Fig.  2  shows  the  electrostatic  potential  <t  and  the 
radial  electric  field  er  corresponding  to  the  dominant  u 
TEM  mode  of  the  coaxial  line.  The  TEM  mode  is,  in 
fact,  a  TM  mode  with  zero  cutoff  wavenumber.  The 
vanishing  of  kc  leads  to  a  vanishing  of  ez.  On  the 
other  hand,  the  quantity  (-jk0ez/k|)  is  not  vanishing 
and  plays  the  same  role  as  an  electrostatic  potential  <f. 
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Fig.  2:  The  electrostatic  potential  and  the  radial  elec¬ 
tric  field  of  the  TEM  mode  on  a  coaxial  trans¬ 
mission  line  with  b/a  =  0.7. 
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ABSTRACT 


Using  modal  analysis,  an  analytical  solution  to  a  circu¬ 
lar  waveguide  discontinuity  is  obtained  which  is  found 
in  a  wide  class  of  coupled  cavity  travelling  wave 
tubes  (CCTWTs).  The  generalized  scattering  matrix 
(GSM)  of  the  junction  is  obtained  for  both  azimuthally 
dependent  and  independent  excitations.  The  conver¬ 
gence  of  the  numerical  results  is  investigated  by  com¬ 
paring  the  field  distributions  at  both  sides  of  the 
junction.  The  (GSM)  of  the  different  junctions  can  be 
cascaded  in  order  to  characterize  a  single  cavity  of 
the  TWT  structure. 


INTRODUCTION 

Recent  interest  in  computer  aided  analysis  and  design 
of  CCTWTs  necessitates  an  exact  analysis  of  both 
junction  and  cavity.  The  waveguide  discontinuity 
under  consideration  is  a  junction  between  a  circular 
waveguide  and  a  composite  region  comprising  a  coaxial 
waveguide  with  hollow  inner  conductor  (Fig.  lb).  A 
junction  of  this  type  is  part  of  a  device  called  the 
"Marcatili  Coupler",  which  represents  the  main  build¬ 
ing  block  in  a  wide  class  of  CCTWTs  (Fig.  la). 

The  abrupt  junction  described  above  has  been  ana¬ 
lyzed  by  using  a  moment  method  for  an  infinitesimally 
thin  inner  conductor  [1].  The  method  has  been  modi¬ 
fied  in  [2]  for  finite  thickness  and  generalized  in  [3] 
by  applying  the  conservation  of  complex  power  tech¬ 
nique  (CCPT).  These  analyses  were  only  carried  out 
for  azimuthally  independent  TEon  modes.  In  conjunc¬ 
tion  with  CCTWT  application,  the  important  operation 
is,  however,  characterized  by  a  mixed  TE-TM  excita¬ 
tion.  This  case  is  treated  here  in  a  similar  way  as  for 
azimuthally  independent  excitations  by  applying  the 
modal  analysis  method  [4]. 

THEORY 


The  structure  under  consideration  is  shown  in  Fig. 
lb.  It  is  modelled  by  a  2-port  junction  between  a 
large  circular  waveguide  (z  <  0)  and  a  bifurcation  of 
a  coaxial  line  and  a  small  circular  waveguide  (z  >  0). 
To  obtain  the  GSM,  the  electromagnetic  fields  in  each 
waveguide  are  expanded  in  terms  of  the  corresponding 
complete  sets  of  their  orthogonal  TE  and  TM  modeB 
(the  TEM  mode  of  the  coaxial  line  is  included  in  the 
azimuthally  independent  TM  modes).  Using  the  ortho¬ 
gonality  of  the  eigenmodes  and  the  continuity  equa¬ 
tions  of  the  transverse  electric  and  magnetic  fields  at 
the  junction,  one  obtains  a  solution  for  the  modal  co¬ 
efficients  [41. 

Let  the  N i -dimensional  column  vectors  a(l*  and  b(  * 1 
(i  =  1,  2,  3)  be  the  complex  amplitudes  of  the  incident 
and  scattered  modes,  respectively.  The  transverse  e- 
lectromagnetic  fields  at  both  sides  of  the  junction  are 
then  expressed  as 
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where  ef, 1 1  and  h„ 1 1  are  the  transverse  electric  and 
magnetic  field  vectors  of  the  n-th  modes  in  waveguide 
i.  In  a  similar  way  as  proposed  in  [4]  and  [5],  the 
GSM  of  the  junction  is  obtained: 


.(•) 


.(»> 


(2) 


The  (n,  m)  element  of  S j  j  (i,  j  =  L,  R)  is  the  ampli¬ 
tude  of  the  scattered  n-th  mode  at  port  i  which  is 
due  to  an  incident  m-th  mode  with  unit  amplitude  at 
port  j.  These  elements  are  calculated  in  a  similar  way 
as  in  [5).  Once  the  GSM  of  the  bifurcation  is  obtained, 
they  can  be  used  directly  in  the  ongoing  anlysis  of 
the  element  calculation  of  a  CCTWT  by  cascading  the 
different  discontinuities  [5]. 


To  examine  the  convergence  of  the  numerical  results, 
the  field  distributions  at  both  sides  of  the  discontin¬ 
uity  as  given  by  (1)  are  calculated  and  compared.  As¬ 
suming  the  incident  mode  distribution,  the  scattered 
modes  are  obtained  from  (2). 
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RESULTS 


1. )  Azimuthally  independent  TE  mode  excitation:  In 

this  case  only  TEon  modes  are  taken  into  account. 
Only  10  modes  in  the  large  circular  waveguide 
were  needed  in  order  to  obtain  convergent 
results.  The  agreement  with  experimental  and 
other  published  results  is  excellent.  Fig.  2 

presents  magnitude  and  phase  of  the  reflection 
coefficient  for  TE0i  mode  excitation.  Fig.  3 

presents  the  corresponding  field  distribution. 

2. )  Azimuthally  independent  TM  mode  excitation:  In 

this  case  only  TMon  and  TEM  modes  are  consid¬ 
ered.  20  modes  in  the  large  waveguide  are  needed 
for  convergent  results.  Fig.  4  presents  the  field 
distribution  for  TM0i  mode  excitation. 


Fig.  2:  Reflection  coefficient  of  the  TE0i  mode,  ++++ 
(61, - Ill, - (3J. 


3.)  Mixed  TE  and  TM  mode  excitations:  Now  the  excit¬ 
ing  field  is  azimuthally  dependent  and  the  TM 
modes  of  the  large  circular  waveguide  are  coupled 
to  the  TE  modes  of  the  composite  waveguide  and 
vice  versa.  The  number  of  modes  to  be  used  in 
the  large  waveguide  is  about  twice  as  large  as  for 
the  azimuthally  independent  excitation  case  in  or¬ 
der  to  achieve  the  same  quality  of  convergence. 
Fig.  5  presents  the  field  distribution  for  TE2i 
mode  excitation.  As  much  as  40  modes  had  to  be 
used. 
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<a>  (b) 

Fig.  1:  a)  Schematic  diagram  of  a  CCTWT, 

b)  A  circular  waveguide  bifurcation. 
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Fig.  3:  The  aperture  electric  field  for  TE0J  excitation. 
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Fig.  4:  The  aperture  electric  field  for  TM0,  excitation. 
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Fig.  5:  The  aperture  electric  field  for  TE21  excitation. 
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ABSTRACT 


Cutoff  frequencies  and  field  configurations  are  calcu¬ 
lated  for  both  TE  and  TM  modes  of  the  eccentric  an¬ 
nular  waveguide.  In  the  analysis  the  cross  section  of 
the  waveguide  is  transformed  into  a  coaxial  line  by 
conformal  mapping.  Then  TE  and  TM  modes  are  expan¬ 
ded  in  terms  of  the  corresponding  coaxial  modes.  Ex¬ 
cellent  agreement  with  results  obtained  by  other  pub¬ 
lished  methods  is  achieved.  The  advantage  of  the  pro¬ 
posed  method  is  its  fast  convergence. 


Although  x2  becomes  infinite  if  d  tends  to  zero,  w 
converges  to  z,  so  that  the  concentric  waveguide  can 
be  taken  as  a  special  case  in  our  treatment. 


INTRODUCTION 

The  properties  of  eccentric  annular  waveguides  have 
been  a  subject  of  certain  interest.  Some  mothods  have 
been  developed  to  analyze  this  structure  (e.g.  (1]  - 
[3]).  It  has  been  proved  that  orthogonal  expansion 
and  conformal  mapping  are  powerful  methods  for  the 
solution  of  various  waveguide  transmission  problems. 
In  this  paper  a  combination  of  both  methods  is  used 
to  solve  the  problem.  By  linear  conformal  mapping,  the 
cross  section  of  the  waveguide  is  transformed  into  a 
geometrically  simpler  region,  namely  into  a  coaxial  line. 
The  TE  and  TM  modes  of  the  eccentric  guide  are  then 
expanded  in  terms  of  the  corresponding  coaxial  modes. 

THEORETICAL  FORMULATION 

Consider  a  waveguide  with  an  eccentric  annular  cross 
section  as  shown  in  Fig.  la.  A  conformal  mapping 
which  transforms  this  eccentric  annulus  into  a  con¬ 
centric  one,  can  be  written  as  follows: 

z  -  x 

w  =  f(z)  =  u  +  iv  =  (x,  -  xz)  - -  (1) 

z  -  X 

2 


In  the  following  analysis  TM  modes  are  considered.  TE 
modes  can  be  analyzed  similarly.  The  longitudinal  elec¬ 
tric  field  Ez  of  TM  modes  satisfies  the  following  equa¬ 
tion  in  the  w-plane: 

7t  Bi  +  kc  I  f  <z)  |V°*  (3) 

where  kc  is  the  cutoff  wave  number. 

Let  (ezi)  be  the  complete  set  which  characterizes  the 
TM  modes  of  the  coaxial  waveguide  in  Fig.  lb.  Then 
the  following  orthogonality  relation  is  satisfied: 

/  ezj  *  =  '.J  •  (4) 

S 

Ez  can  be  expanded  in  terms  of  {ezf}  as 

\-l  «,  ez«  •  <« 

Using  (3)  -  (5)  one  can  obtain  the  following  matrix 
eigenvalue  problem: 

[  T  ]  [  A  1  =  C  [  A  ]  (6) 

where 


ij 


C  I 
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where 


(7) 
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RBSULTS  AND  COMPARISON 


Some  numerical  results  are  presented  in  Table  I  and 
Table  II  and  compared  with  those  from  [3].  In  [3]  the 
lower  and  upper  bounds  are  given  for  the  exact  cut¬ 
off  frequencies,  using  the  method  of  intermediate 
problems  and  the  Ritz-method,  respectively. 

It  can  be  seen  that  the  lower  order  cutoff  wave- 
numbers  which  are  calculated  by  this  method  lie 
between  the  bounds  given  by  [31.  In  this  case  the 
method  here  provides  a  more  accurate  approximation 
than  the  Ritz-method  which  gives  the  upper  bounds 
only.  Some  of  the  higher  order  wavenumbers  do  go 
beyond  the  upper  bounds  given  by  [3],  as  the 
eccentricity  increases.  This  can  be  explained  as  beeing 
due  to  using  insufficient  number  of  expansion  terms 
in  modelling  field  patterns. 
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Table  I:  TM  cutoff  wavenumbers  for  eccentric  annular 
waveguides  with  2/rj  =  2.0,  d/r,  =  0.2,  0.4 
and  0.6. 

Number  of  expansion  terms  =  40,  lower  and 
upper  bounds  from  [3 J  correspond  to  70 
term  expansions. 
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Table  II:  TE  cutoff  wavenumbers  for  eccentric  annu¬ 
lar  waveguides  with  r2/r,  =  1.5,  d/ri  =  0.3 
and  r*/r,  =  2.0,  d/rj  =  0.4. 

Number  of  expansion  terms  =  40,  lower  and 
upper  bounds  from  [3]  correspond  to  60 
term  expansions. 


Fig.l:  The  conformal  mapping  w  =  f(z)  transforms 

the  eccentric  annulus  in  the  z-plane  into  a 
concentric  one  in  the  w-plane. 
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ABSTRACT 

There  are  two  types  of  possible  trans¬ 
mission  modes  in  double-groove  guides: 

1.  modes  with  a  concentration  of  energy  in 
the  groove  regions,  and 

2.  modes  with  a  concentration  of  energy  in 
the  region  between  the  two  grooves. 

Attention  had  been  concentrated  on  the 
first  type  of  modes  f  X  ] .  This  paper  gives 
the  theoretical  and  experimental  work  on  the 
second  type  of  modes. 

INTRODUCTION 

Double-groove  guide,  as  shown  in  figure 
1,  could  have  characteristics  of  interest. 
There  are  two  types  of  possible  transmission 
modes  which  have  been  given  in  the  abstract. 

During  some  experimentation  of  double¬ 
groove  guide  with  excitation  midway  between 
the  grooves,  some  additional  modes  were  iden¬ 
tified.  This  is  the  second  type  of  modes, 
which  is  the  main  subject  of  this  paper. 

THEORETICAL  AND  EXPERIMENTAL  CHARACTERISTICS 
Both  types  of  modes  have  power  flow  in 
the  2-direction  only.  The  first  type  is 
characterised  by  an  imaginary  wavenumber  in 
the  y-direction  in  regions  n  and  S,  and  is  a 
low-loss  transmission  mode. 

The  second  type  is  characterized  by  an 
imaginary  wavenumber  in  the  y-diroction  in 
region  A,  and  is  a  high-loss  transmission 
node.  For  such  type  of  modes  to  diverge,  the 
following  condition  must  be  satisfied: 

kXS~  +  kyS~  -  kxA2  -2.  0  * 1 ' 

Provided  that  kyS  in  real,  l:xS*  “  kxA2  2. 
r  Tt  p  it 

or  —  >  — '  where  p  >  r.  Therefore,  if 

2c  ~  2b  - 

2c  >  -  (2b),  (2) 

"  P 

the  modes  are  not  diversed  and  are  confined 
transmission  modes.  If  p  =  r,  it  is  not  pos¬ 
sible  for  condition  (2)  to  be  satisfied,  and 
the  mode  is  unconfined.  However,  if  p  >  r  it 
is  possible  that  condition  (2)  is  satisfied. 
The  modes  in  this  case  are  denoted  by 
TErn(S)-TEpn(A)  and  Tllj.  n  (  S  ) -Til  „  (  A  )  mode- 
parrs  where  r  and  p  are  integers  denoting  the 
number  of  half  sinusoidal  field  variations  in 
the  x-direction  in  region  S  and  A  respec¬ 
tively.  It  is  noteworthy  that  condition  (2) 
has  the  same  expression  as  equation  (13) 
of  reference  [1],  which  means  that  all  the 
diverged  higher-order  modes  could  be  con¬ 
fined  in  region  S  and  become  transmission 
modes.  To  confirm  such  moding  characteristic, 


a  resonance  technique  was  used.  Figure  2 
shows  the  resonance  spectra  obtained  when  the 
resonator  was  excited  by  an  aperture  centred 
on  y  =  0  (centre  of  region  S).  The  two 
spectra  correspond  to  detection  at  the  centre 
of  region  S  and  at  one  of  the  groove  centres 
(groove  1)  at  the  other  end  of  the  resonator. 
One  or  more  set(s)  of  TErn( S )-TEpn( A )  mode- 
pair  resonances  were  contained  within  each 
spectrum,  which  were  identified  by  the  per¬ 
turbation  technique.  The  field  distribution 
of  the  TE^^l S)-TE31(  A)  mode-pair  is  shown  in 
figure  3.  The  experimental  guide  attenuation 
constant  of  this  mode  is  approximately  2 
dB/m  at  100  GHz  for  a  groove  separation  of  5 
mm.  In  general,  the  TErn( S ) -TEon( A )  mode- 
pairs  are  high  loss  modes.  It  is  expected 
that  this  mode  will  disappear  when  the  guide 
is  made  longer.  The  attenuation  of  this  mode 
decreases  as  the  groove  separation  2s  or  the 
guide  v? i d t h  2a  increases.  This  mode  is  easily 
excited  at  the  centre  between  the  two 
grooves.  It  can  also  be  excited  from  one 
of  the  grooves.  As  an  example,  figure  4 
shows  that,  in  addition  to  the  TE31  and  TE12 
modes  of  the  first  type,  other  modes  which 
could  possibly  be  of  the  second  type  were 
detected  with  excitation  at  the  centre  of  the 
groove.  It  had  been  shown  experimentally 
that  when  excitation  was  at  the  centre  be¬ 
tween  the  two  grooves,  the  number  of  mode- 
pairs  excited  increase  as  the  groove  separa¬ 
tion  2s  increases.  When  excited  at  the 
centre  of  the  groove,  the  number  of  mode- 
pairs  excited  decrease  as  the  groove  separa¬ 
tion  2s  increases,  but  increases  as  the 
groove  width  2a  increases.  This  type  of 
modes  may  be  generated  at  discontinuities, 
corners,  etc. ,  and  may  cause  energy  losses  in 
power  transmitted  in  the  fundamental  mode, 
possible  interactions  between  other  modes 
excited  by  different  components,  and  possible 
occurrence  of  trapped-modc  resonances. 


CONCLUSION 

The  two  types  of  transmission  modes  in 
double-groove  guide  had  been  demonstrated. 
The  first  type  of  modes  were  documented  [1], 
The  attenuation  of  the  TEjj  mode  is  mar¬ 
ginally  lower  than  that  for  single-groove 
guide.  The  second  type  of  modes  which  have 
high  loss,  may  also  cause  higher  energy 
losses  in  the  fundamental  mode,  mode  interac¬ 
tions  and  trapped-mode  resonances.  Hence, 
double-groove  guide  is  not  attractive  for 
normal  propagation,  but  the  presence  of  the 
two  modes  (TEjj  and  TE^2)  with  a  difference 
in  phase  constant  suggests  the  possibility 
that  a  groove-guide  power  coupler  can  be 
developed  [1]. 
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Resonance  spectra  of  double-groove  guide: 
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Figure  3 

Field  pattern  of  the  TEj^  ( S)-TEj^(A) 
node-pair  in  double-groove  guide. 
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ABSTRACT 

This  paper  presents  an  overview  of  ceramic 
fabrication  techniques  and  electrical  properties  of 
high-Tc  superconductors.  Fabrication  of  bulk 
ceramic  and  composite,  high-Tc  superconducting 
wires  and  tapes  is  discussed.  Direct-current 
critical  current  density  data  and  surface  resis¬ 
tance  data  at  rf  and  microwave  frequencies  are 
presented  for  the  YBa2Cu307_x  and  Ba2Sr2CaCu20g+v 
phases.  y 


PRINCIPLES  OF  FABRICATION 

The  most  common  way  to  synthesize  high-Tc 
powder  is  to  conduct  a  reaction  between  the  con¬ 
stituent  oxides  at  high  temperature.  The  Y-Ba-Cu-0 
(YBCO) ,  Bi-Sr-Ca-Cu-0  (BSCCO),  and  Tl-Ca-Ba-Cu-0 
(TCBCO)  systems  have  the  most  promising  properties, 
and  the  discussion  in  this  paper  will  be  limited  to 
these  materials.  YBa2Cu307_x  was  synthesized  by 
calcining  a  mixture  of  precursor  powders  of  BaCO-j, 
Y203,  and  CuO  at  890°C;  Bi^Sr^a-jCugOg  was  syn¬ 
thesized  by  heating  a  mixture  of  oxides  and 
carbonates  to  820°C.  Powder  calcination  is  a 
complex  process  owing  to  residual  BaC03  and 
formation  of  low-melting  eutectics,  and  several 
heat  treatments  were  needed  to  produce  the  proper 
YBCO  and  BSCCO  phases  (1,2).  TCBCO  powders  are 
also  commonly  synthesized  by  mixing  constituent 
oxides  and  carbonates;  and  calcining  at  tempera¬ 
tures  that  average  about  900°C  (3).  The  YBCO, 
BSCCO,  and  TCBCO  systems  are  characterized  by 
copper-oxygen  sheets  in  the  a-b  plane  of  the 
crystal  lattice.  Several  superconducting  phases 

are  possible  for  the  BSCCO  and  TCBCO  systems,  and 
their  formation  is  sensitive  to  the  preparation 
conditions  (3,4). 

Three  basic  ceramic-forming  processes  have 

been  employed:  extrusion,  tape  casting,  and  thick- 
film  technology.  The  superconducting  powder  is 

mixed  with  a  set  of  organics  for  each  fabrication 
process.  A  solvent  provides  the  basic  vehicle  into 
which  the  oxide  powder  and  other  organics  are 
loaded.  Care  must  be  taken  to  select  a  solvent 
that  is  compatible  with  the  powder  and  other 
organic  constituents.  Dispersants  are  used  to 
deflocculate  the  inorganic  particles  in  the 

solvent,  and  to  assist  in  obtaining  high  green 
density.  Binders  impart  strength  to  the  green 
body,  and  plasticizers  allow  greater  flexibility  by 
reducing  the  glass  transition  temperature  of  the 
binder.  The  rheological  properties  of  each 
formulation  must  be  tailored  for  a  specific 
fabrication  process.  For  example,  tape  castings 
and  thick  films  have  typical  viscosities  on  the 
order  of  2000  cps  and  20,000  cps,  respectively. 


After  the  powder  and  organic  constituents  are 
combined,  the  mixtures  are  available  for  fabri¬ 
cation.  The  extrusion  process  consists  of  placing 
a  large  pressure  (approximately  20  MPa)  on  the 
plastic  mass  and  forcing  it  through  a  small 
aperture.  Wires  with  radii  between  0.2  and  1.5  mm 
have  been  manufactured  in  lengths  of  well  over 
200  cm.  The  wires  have  great  flexibility  in  the 
unfired  state  and  3-cm-diameter  coils  with  5  to  10 
turns  have  been  fabricated  (5).  Tape  cast  samples 
of  thicknesses  from  0.01  to  0.2  mm  are  made  by 
passing  a  doctor  blade  over  a  plastic  mass  on  a 
glass  place  to  form  a  uniform  layer.  After  removal 
from  the  glass  plate,  the  unfired  tape  is  very 
flexible  because  of  the  organics  incorporated  in 
the  cast  material.  Thick-film  formulations  have 
been  used  to  coat  substrates  in  sheet  and  wire 
form.  Specific  patterns  are  applied  by  silk 
screening  on  a  silver  foil,  and  more  complex  shapes 
such  as  silver  wire  are  coated  with  a  brush. 

The  heat  treatment  schedule  for  fabricated 
shapes  of  YBCO  or  BSCCO  is  divided  into  three 
parts.  Initially,  a  slow  increase  in  temperature 
up  to  350°C  is  required  to  remove  organics  from  the 
green  body.  Rapid  removal  of  organic  material  will 
result  in  cracked  or  bloated  samples.  Sintering  a 
well-calcined  powder  will  induce  formation  of  a 
liquid  phase  with  an  onset  temperature  between  930 
and  1015°C  for  YBCO  (1)  and  about  900°C  for  BSCCO 
(2).  The  onset  temperature  of  the  liquid  phase  is 
dependent  upon  the  partial  pressure  of  oxygen. 
The  final  step  is  an  annealing  procedure  that 
incorporates  oxygen  into  the  YBCO  lattice  to  form 
the  superconducting  orthorhombic  phase  (6).  The 
BSCCO  system  does  not  require  the  annealing 
procedure  (4). 

For  many  applications,  the  high-Tc  supercon¬ 
ductor  must  be  bonded  to  a  normal  conductor.  If 
the  superconductor  should  quench,  then  the  current 
will  shunt  across  the  normal  conductor.  Generated 
thermal  energy  can  also  be  removed  from  the  super¬ 
conductor  by  a  good  thermal  conductor.  Thick  films 
of  YBCO  and  BSCCO  have  been  deposited  on  silver 
substrates.  Silver  is  compatible  with  the  super¬ 
conducting  materials  at  the  high  processing  tem¬ 
peratures.  Coprocessing  of  materials  will  entail 
studies  of  the  interface  between  superconductor  and 
substrate  materials.  Match  of  thermal  expansion 
coefficients  is  another  area  of  concern  (7). 

PROPERTIES 

Electrical  properties  must  be  optimized  before 
these  ceramic  materials  can  be  converted  into 
actual  components.  The  superconducting  transition 
temperature  for  YBCO  is  close  to  90  K,  although 
lower  transition  temperatures  may  be  found  for 
materials  with  a  depleted  oxygen  content  (8).  The 
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BSCCO  system  has  three  diffrerent  phases  that  have 
Tc  values  of  20,  80,  and  110  K;  the  transition 
temperature  is  related  to  the  number  of  Cu-0  planes 
in  the  unit  cell.  Additions  of  Pb  have  been  found 
to  enhance  the  transition  temperature  of  BSCCO  (9). 

A  critical  current  density  of  1270  A/cm^  has 
been  measured  on  a  YBCO  extruded  wire  (diameter  = 
0.025  cm).  This  critical  current  density  is 
substantially  lower  than  values  for  epitaxially 
grown  thin  films  (10°  A/cm,  The  exact  mechanism 
for  the  limitation  of  critical  current  in  bulk 
samples  has  not  been  determined,  and  several 
possible  explanations  have  been  suggested  (10). 
BSCCO  samples  have  exhibited  critical  current 
densities  of  about  150  A/cm *  (2) . 

Previous  measurements  on  YBCO  bulk  samples 
have  shown  that  a  sharp  drop  occurs  in  rf  surface 
resistance  as  temperature  is  decreased  from  100  K 
to  liquid  nitrogen  temperature  (11).  The  frequency 
dependence  of  surface  resistance  of  the  YBCO  and 
BSCCO  superconductors  is  shown  in  Fig.  1.  An 
explanation  of  the  cavity  configurations  for  the 
measurements  may  be  found  in  Ref.  12. 


Figure  1 

Frequency  dependence  of  surface  resistance  at  low 
field.  "o"  denotes  YBCO  bulk  wire  at  77  K; 

YBCO  thick  film  coated  on  silver  wire  at  77  K;  "x", 
BSCCO  thick  film  coated  on  a  silver  plate  at  4.2  K; 
"+",  YBCO  bulk  samples  (13).  Data  for  Pb,  Nb,  and 
NbgSn  are  at  4.2  K. 

Although  the  surface  resistance  of  YBCO  is 
higher  chan  the  resistances  of  other  supercon¬ 
ductors,  it  follows  a  similar  frequency  dependence 
to  those  of  Pb,  Nb,  and  NbgSn  superconductors.  The 


high  surface  resistance  of  ceramic  materials  is 
being  studied,  and  it  is  hoped  that  single-crystal 
measurements  will  elucidate  the  loss  mechanism. 
The  frequency  at  which  the  YBCO  superconductor  and 
copper  surface  resistances  are  equivalent  is 
approximately  3  GHz,  and  is  an  order  of  magnitude 
lower  than  that  for  copper  at  150  MHz. 

YBCO  thick  films  coated  on  silver  wire  have 
properties  similar  to  those  of  the  bulk  ceramic, 
and  have  the  advantage  of  being  easily  fabricated 
into  samples  of  large  area  and  complex  shape.  As 
an  example,  the  BSCCO  samples  in  Fig.  1  were  thick 
films  coated  on  a  15.3-cm  silver  plate. 
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ABSTRACT 


OPEN  RESONATOR 


A  100-120  GHz  open  resonator,  which  has  a  hemi¬ 
spherical  configuration  with  a  plane  mirror  as  the 
sample  itself,  is  described  as  a  powerful  tool  for 
testing  mirror  samples.  Very  weak  coupling,  which  is 
necessary  for  the  high  Q  factor,  have  been  achieved 
without  facing  with  large  transmission  loss  by  using 
a  partially-transparent  circular  aperture  which  is 
larger  than  wavelength.  Weak  effect  on  sample  sur¬ 
face  is  sensitively  detected  by  the  precise  measure¬ 
ment  of  high  quality  factor  and  frequency  shift  of 
the  open  resonator. 


INTRODUCTION 

For  the  application  of  superconductivity  to  com¬ 
munication  devices,  the  recent  discovery  of  super¬ 
conductors  with  transition  temperature  above  liquid 
nitrogen  has  raised  the  possibility  of  a  new  situ¬ 
ation.  Superconductors  are  attractive  as  low  loss 
materials  for  radio  frequency,  microwave,  millimeter 
&  submillimeter  wave  frequencies.  Gold  and  aluminum 
films  at  room  temperature  can  not  be  good  conductors 
at  short-millimeter  S  submillimeter  wave  frequencies. 
Thin-film  technologies  for  conventional  superconduc¬ 
tor  Nb  &  NbN  have  been  achieved  within  the  decade. 
Superconductive  devices  made  of  Nb  (  or  NbN  )  high- 
quality  films  have  successfully  been  developed  and 
used  in  the  experimental  studies. 

The  surface  impedance  at  microwave  S  millimeter 
waves  is  a  basically  important  characteristic  for 
thin-films  of  high  Tc  superconductors.  Experiments 
on  the  surface  impedance  measurements  of  bulk  sample, 
single  crystals  and  thin-films  have  been  reported  by 
many  researchers.1-1  The  rectangular  or  the  cylin¬ 
drical  closed  cavities  are  used  in  their  experiments. 
While,  the  most  of  ingh-temperature-superconductor 
samples  have  shown  poor  characteristics  at  microwave 
frequencies  lower  than  10  GHz.  In  case  of  single 
crystals,  measurements  was  limited  by  the  copper 
cavity  with  low  Q.1  The  more  sensitive  and  precise 
measurement  system  is  necessary  for  studying  physics 
and  deposition  process  of  high-temperature  supercon¬ 
ductor  films  with  high  quality  for  applications  at 
high  frequencies.  This  is  our  main  motive  of  this 
work. 

The  sensitivity  for  loss  measurement  is  increased 
in  proportion  to  the  Q  factor.4  The  surface 
impedance  measurement  at  the  higher  frequency  is 
direct  and  effective  to  test  the  potential  of  the 
high  temperature  superconductors  for  applications  at 
high  frequencies.  Moreover,  the  higher  current  den¬ 
s'-  ty  can  be  induced  on  the  surface  of  mirror  samples 
by  the  resonator  with  the  higher  Q  factor,  when  the 
almost  same  efficiencies  are  reserved  in  the  mode 
conversions  from  the  excitation  beam  to  the  TEMqq 
Gausian  mode  in  the  open  resonators  with  differnt  Q 
factors.  Taking  all  these  things  into  consideration, 
a  new  open  resonator  system  is  developed  for  measure¬ 
ments  of  extreamly  low-absorbing  materials  at  short 
millimeter  waves. 


At  the  microwave  frequencys,  closed  cavities  of 
fundamental  mode  are  commonly  used  for  material  mea¬ 
surement.  The  microwave  resonant  closed  cavity  be¬ 
comes  too  small  at  millimeter  wave  frequencies.5  It 
is  impracticable  to  make  a  very  small  closed-cavity 
with  high  Q  factor  even  if  its  inside  walls  are  made 
of  an  ideal  superconductor.  A  basic  type  of  open 
resonator  uses  two  plane  metal  reflectors  to  form  a 
resonant  structure  similar  to  that  of  a  Fabry-Perot 
"etalon".  The  plane-parallel  resonator  rquires  accu¬ 
rately  parallel  reflecting  surfaces.4  For  the  beam 
of  finite  diameter,  Q  factor  is  limited  by  diffrac¬ 
tion  loss.4  The  high  quality  factor  is  easily 
achieved  by  using  an  open  resonator  with  spherical 
mirrors.  Negligible  small  diffraction  loss  can  be 
attained  by  the  use  of  two  spherical  mirrors  with 
large  aperture.5'®  A  further  property  of  the  concave 
spherical  resonator  is  that  the  optical  alignment  is 
not  extremely  critical.5'® 

7  fl 

In  order  to  investigate  planer  samples,  '  the 
hemispherical  configuration  is  convenient,  where  a 
plane  mirror  sample  is  placed  near  the  center  of 
curvature  of  the  spherical  mirror.  The  normal 
modes  of  this  class  of  resonator  are  well  character¬ 
ized  by  the  scalar  Gaussian  beam  theory.10  Figure  1 
shows  a  hemisphrical  configuration  with  waveguide 
coupling.  At  long  millimeter  wave  frequencies,  the 
electromagnetic  energy  is  commonly  coupled  in  and  out 
of  the  resonator  by  waveguide.  A  small  coupling  hole 
in  each  mirror  is  used  to  transmit  the  energy  to  and 
from  the  input  and  output  waveguide.  In  a  resonator 
of  this  type,  high  Q>105  is  easily  attained  with 
very  small  coupling  hole  which  is  required  to  min¬ 
imise  coupling  perturbation.  By  the  strong  diffrac¬ 
tion  effect  at  a  coupling  hole  smaller  than  the  wave¬ 
length,  major  part  of  millimeter  wave  power  coupled 
through  the  aperture  is  diffused  outside  of  the  open 
resonator  and  do  not  enter  the  resonant  mode  TEMQ0q. 
Within  the  ordinaly  coupling  method,  the  achievement 
of  high  Q  factors  (>105)  entail  high  resonator  inser¬ 
tion-losses,4  which  may  be  the  order  of  25-30  dB. 
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Figure  1 

Hemispherical  open  resonator 
with  waveguide  coupling 
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In  designing  hemispherical  resonators/  We  adopted 
a  quasi-optical  coupling  method  to  minimise  coupling 
perturbation  and  mode  conversion  loss  from  excitation 
beam  to  a  fundamental  Gaussian  mode  TEMggg.  Spher¬ 
ical  mirrors  were  made  of  sputterd  gold  (or  Nb  )  film 
on  an  optically  polished  glass-substrate.  Fine  gold- 
film  pattern  was  fabricated  on  a  circular  area  in  the 
center  of  the  spherical  mirror  by  using  photo¬ 
lithographic  and  dry-etching  process.  The  coupling 
aperture  is  designed  to  be  almost  same  with  the  size 
of  Gaussian  beam  on  spherical  mirror  surface.  The 
transmittance  of  partially  transparent  circular-area 
can  be  selected  between  orders  of  10~3  &  10-5.  The 
mode  conversion  loss  was  successfully  improved  by  the 
spherical  mirror  with  the  coupling  aperture  larger 
than  the  wavelength.  Figure  2  shows  a  hemispherical 
open  resonator  with  a  quasi-optical  coupling  aper¬ 
ture.  The  spherical  mirror  is  80  mm  in  diameter  & 
radius  of  curvature  is  200  mm. 

In  case  of  conventional  hemispherical  resonator 
with  high  Q  factor,  power  reflection  from  input  cou¬ 
pling  is  insensitive  for  resonance,  because  major 
part  of  power  coupled  through  the  aperture  is  dif¬ 
fused  outside  of  the  resonator  mode,  and  can  not 
relate  to  interference  at  the  input  coupling,  sche¬ 
matically  shown  in  Figure  3-a.  Therefore,  trans¬ 
mission  measurement  is  usualy  used  for  the  precise 
measurement  with  this  type  open  resonator.  On  the 
contrary,  in  our  new  open  resonator,  power  reflection 
from  a  coupling  aperture  is  sensitive  for  resonance, 
schematically  shown  in  Figure  3-b.  The  reflection 
type  is  convenient  for  precise  measurement  of  mirror 
samples.  It  becomes  effective  due  to  improvement  of 
mode  conversion  efficiency  that  large  energy  can  be 
stored  in  high  Q  cavity  by  the  relatively  small  power. 

OPEN  RESONATOR  SYSTEM 

The  block  diagrm  of  a  100-120  GHz  open  resonator 
system  is  shown  in  Figure  4.  Gunn  phase-locked  os¬ 
cillator  is  tunable  electrically  over  the  range  +100 
MHz.  The  frequency  is  stable  to  1  in  109  and  can  be 
measured  to  this  accuracy.  This  system  is  in  princi¬ 
ple  capable  of  measuring  Q  factor  of  10 '  to  better 
than  1  percent.  The  experimental  Q  for  gold  film  at 
room  temperature  is  higher  than  240,000.  Sample 
temperature  can  be  settled  from  above  4.3K  to  200K. 
This  system  is  suitable  for  surface  measurements  of 
low  resistive  loss  materials  at  low  temperature. 
Temperature  and  current-density  dependence  and  de¬ 
tailed  comparison  of  our  results  will  be  presented  at 
the  conference. 
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ABSTRACT 

We  propose  the  multi-Cu-02-layer  struct¬ 
ure  model  of  high  Tc  superconducting  oxides 
such  as  Bi2Sr2Ca2Cu30i2.  The  'hole-Cooper 
pair'  formation  and  the  Bose  condensation  of 
the  pairs  are  described  by  the  theory  of 
Huang  of  MIT.  The  atractive  interaction  is 
due  to  the  antiferromagnetic  order  of  Cu-02 
layer.  Dependence  of  Tc  on  the  number  of 
Cu-02  layers  is  quantitatively  analized. 

Pressure  dependence  of  Tc  is  also  anali¬ 
zed  by  use  of  our  model. 


INTRODUCTION 

Since  discovery  of  high  Tc  superconduct¬ 
ing  oxides,  the  mechanism  of  high  Tc  super¬ 
conductivity  has  been  actively  investigated. 
The  experimental  research  for  investigating 
the  nature  of  the  systematic  superconductors 
such  as  Bi-Sr-Ca-Cu-0  and  Tl-Ba-Ca-Cu-0  will 
lead  to  the  true  theory. 

Observations  of  the  Josephson  effect  by 
using  the  point-contact  junction  and  the 
flux  quantization  imply  that  the  charge  car¬ 
riers  are  the  Cooper  pairs.  The  Hall  coeffi¬ 
cient  of  high  Tc  superconducting  materials 
shows  that  the  Cooper  pair  consists  of  two 
electrons.  High  Tc  superconducting  materials 
without  hole  doping  are  antiferromagnetic. 
The  isotope  effect  of  oxygen  is  small.  The 
conduction  properties  are  strongly  anisotro¬ 
pic  and  show  the  2D  behaviour. 

The  experimental  results  mentioned  above 
indicate  that  the  atractive  interaction  is 
given  rise  in  Cu-02  plane.  However,  as  Hohe- 
nberg  pointed  out  in  1967,  the  superconduct¬ 
ing  state  at  finite  temperature  can  occur 
only  in  3D  system.  The  week  but  finite  inte¬ 
raction  between  the  interlayers  is  needed 
for  high  Tc  superconductivity  even  though 
the  Cooper  pairs  are  bound  in  the  plane. 

In  this  paper,  it  is  assumed  that  the 

antiferromagnetic  order  of  spins  at  Cu  sites 
is  the  orgin  of  the  atractive  interaction. 

We  think  that  the  critical  temperature  Tc 
depends  on  the  magnitude  of  the  inter-Cu-02 
layer  interaction.  We  try  to  represent  the 
interlayer  interaction  as  the  tunnel  phenom- 
ina  of  the  Cooper  pairs  and  we  propose  the 
multi-Cu-02-layer  structure  model  of  high  Tc 
superconductor  to  calculate  the  magnetude  of 
the  interaction. 

ATRACTIVE  INTERACTION 

In  the  BCS  theory,  the  3D-positive-ion 
configration  is  the  background  to  create  the 
atractive  interaction.  In  this  paper,  the  2D 


spin  configration  on  the  Cu-02  plane  is  the 
background  of  high  Tc  superconductivity. 
Huang  and  Manousakis  described  the  antifer¬ 
romagnetic  order  and  high  Tc  superconducti¬ 
vity.  According  to  their  theory,  the  senar- 
io  of  the  superconductivity  can  be  illustr¬ 
ated  as  Fig.1.  The  smallest  charge  mobiles 
that  have  zero  momentum  and  Bose-condensate 
are  the  'hole  Cooper  pairs'.  The  holes  cre¬ 
ated  on  the  oxygen  sites  in  Cu-02  layer  can 
form  the  pairs.  The  atractive  interaction 
between  two  holes  is  due  to  the  antiferrom¬ 
agnetic  order  of  the  spins  on  Cu  sites. Cl] 

Huang  and  Manousakis  derived  the  follo¬ 
wing  expression  of  Tc. 

(1) 

Here  J  is  the  energy  of  the  spin-exchange 
interaction,  r  the  hoppir.6  amplitude  of  the 
pairs  and  x  is  the  doping  fraction. 

MULTI-Cu-02-LAYER  STRUCTURE  MODEL 

Huang  used  the  hopping  amplitude  of  the 
pairs  as  the  fitting  parameter.  On  the  oth¬ 
er  hand,  we  assume  that  the  interlayer  hop¬ 
ping  amplitude  can  be  replaced  with  the 
tunneling  probability  of  the  pairs.  The  ho¬ 
le  Cooper  pairs  with  mass  of  2m  tunnel 
between  the  inter-Cu-02-layers.We  propose 
the  multi-Cu-02-layer  structure  model  of 
high  Tc  superconductor  in  order  to  calcula¬ 
te  the  tunneling  probability. 

Figure  2  is  the  schematic  of  the  multi- 
Cu-02-layer  structure  of  Bi2Sr2CaoCui06  and 
Bi2Sr2CaiCu208.  The  periodec  potential  str¬ 
uctures  corresponding  to  Fig.  2  are  shown 
in  Fig. 3.  The  models  illustrated  in  Fig.  2 
and  3  are  called  the  multi-Cu-02-layer  str¬ 
ucture  models  of  high  Tc  superconducting 
oxides.  We  liken  the  Cu-02  layer  to  the 
conduction  layer.  The  Cu-02  layer  is  the 
potential  well.  The  interlayer  portions  are 
likened  to  the  barriers  with  effective  hei¬ 
ghts  . 

By  applying  the  ID  Schroginger  wave 
equation  to  the  potential  structures,  the 
determination  equations  which  give  the  ene¬ 
rgy  wave  number(E-k)  relations  are  derived. 
The  energy  of  the  pair  in  the  potential 
well  is  obtained  by  numerically  solving  the 
determination  equation  and  the  tunneling 
probability  can  be  calculated  by  use  of  the 
well-known  formula. 

Tc  VS  NUMBER  OF  Cu-02  LAYERS 

The  relationship  between  Tc  and  number 
of  Cu-02  layers,  n,  for  Bi2Sr2Can_^Cun02n+£) 
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can  be  analized  by  using  the  barrier  heights 
and  lengths  shown  in  Table  I. 

The  calculated  results  are  shown  in  Fig. 
4.  If  Tc  of  n=1  and  2  are  assumed  to  be  10K 
and  80K,  respectively,  Tc  of  n=3  becomes  105 
K.  This  value  agrees  with  the  experimental 
Tc. 

Tc  of  n=4  and  5  which  are  not  experimen¬ 
tally  investigated  are  also  calculated  and 
shown  in  Fig. 4.  Thease  results  are  the  pred¬ 
ictions. 

ANISOTROPY  OF  NORMAL  CONDUCTANCE 

Anisotropy  of  normal  conductance  of  the 
oxide  can  be  also  calculated  by  use  of  our 
model.  Anisotropy  of  normal  conductance  is 
represented  by  o(ab)/o(c),  where  o(ab)  and 
o(c)  are  the  conductance  of  a-b  plane  and  of 
the  c-axis  direction,  respectively. 

If  o(ab)/o(c)  of  Lai^ ssSro. isCuOk  is 
assumed  to  be  30,  the  anisotropies  of  Bi-Sr- 
Ca-Cu-0  system  are  as  shown  in  Table  II.  The 
higher  Tc  increases,  the  less  the  anisotropy 
decreases. 


PRESSURE  DEPENDENCE  OF  Tc 

The  multi-layer  structure  model  adopts 
the  crystal  structure  along  c-axis.  Therefo¬ 
re,  the  pressure  dependence  of  Tc,  dTc/dP 
can  be  analized  by  use  of  our  model.  No  the¬ 
ory  which  can  explain  dTc/dP  of  high  Tc  sup¬ 
erconducting  oxides  has  been  known. 

Fueki  group  of  Tokyo  University  systema¬ 
tically  investigated  dTc/dP  and  dTc/dc  of 
Lai,  85Sr0,  isCuOi,.  So  we  calculated  its  dTc/ 
dP.*The  results  are  shown  in  Fig.5*C2] 

CONCLUSIONS 
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Table  II.  Anisotropy  of  nornal  conductance 


The  multi-Cu-02-layer  structure  model  of 
high  Tc  superconductor  was  proposed  to  desc¬ 
ribe  the  relationship  between  Tc  and  number 
of  Cu-02  layers.  Anisotropy  of  normal  condu¬ 
ctance  was  analized  in  the  frame  of  our  the¬ 
ory.  The  pressure  dependence  of  Tc  was  calc¬ 
ulated. 
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Table  1,  Structure  and  barrier  heuht  paraaeters  of  typical  hith  Tc  superconductors 


Hi {h  Ic  superconductors 

L  oo*  ( A) 

L  >jr(A) 

1  .„(A> 

V ,<eV) 

Vo(eV) 

TcOO 

lai  .JsSro  |)Cu0i.y 

2.0 

11.24 

2.655 
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2.61 

40.0 

V i Ba*Cu jO? . m 

2.0 
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MEASUREMENT  OF  SUPERCONDUCTOR  SURFACE  IMPEDANCE  BT 
USING  A  PARALLEL  PLATES  OPEN  RESONATOR  EXCITED  BY 
DIELECTRIC  ROD  HEn  MODE 

K. Fujisawa,  Y. Yamamoto  and  F.Okuda 

Department  of  Electrical  and  Electronic  Engineering, 
Faculty  of  Engineering,  Osaka  Sangyo  University 
Daito,  Osaka  574»  JAPAN 


ABSTRACT 

The  principle  and  experimental  setup  to 
measure  the  superconductor  surface  imped¬ 
ance  is  described,  which  characterizes  in 
using  an  open  resonator.  The  open  reso¬ 
nator  comprises  a  couple  of  parallel 
conducting  plates  penetrated  perpendicular¬ 
ly  by  a  thin  dielectric  rod.  Along  the 
dielectric  rod,  the  HEn  mode  is  excited 
and  its  resonance  between  the  parallel 
plates  is  exploited  for  finding  the  surface 
impedance  of  the  superconducting  plate. 


INTRODUCTION 

Recent  remarkable  developments  in  fab¬ 
rication  technologies  of  high-T  supercon¬ 
ducting  thin-films  give  prospects  of 
making  various  new  devices  utilizing  them. 
In  this  respect,  it  is  important  to  measure 
the  temperature  and  frequency  dependences 
of  superconducting  thin-film  surface 
impedance,  because  they  give  valuable 
informations  on  the  gap  energy  and  the 
magnetic  field  penetration  depth  of  super¬ 
conducting  thin-films.  Also,  they  clarify 
the  availabilities  of  superconducting 
thin-films  to  rf  devices. 

We  present  a  measuring  method, 
which  uses  an  open  resonator  com¬ 
posed  of  two  parallel  conducting 
plates.  These  plates  are 
superconducting  or  normal  conduct¬ 
ing  thin-film  deposited  substrates. 

To  confine  the  electromagnetic 
fields  in  between  the  plates  and 
to  avoid  radiation  losses,  a  thin 
dielectric  rod  is  arranged  to 
penetrate  the  plates  perpendicu¬ 
larly  and  to  guide  the  HEn  mode. 

By  using  this  resonator,  the 
superconducting  thin-film  surface 
impedance  can  be  accurately 
obtained  from  measured  data  on 
the  Q  and  the  resonant  frequency. 

As  the  HEn  mode  has  no  cutoff 
frequency,  this  resonator  can  be 
used  for  wide  frequency  ranges. 

The  basic  principle  and  experi¬ 
mental  setup  are  described  below. 


On  a  copper  block,  two  plate  holders  are 
placed  in  parallel.  The  plate  holder  1  is 
fixed  to  the  copper  block,  and  the  other 
plate  holder  2  is  movable,  thus  making  the 
distance  1  between  the  plates  variable. 

On  the  plate  holders  and  on  the 
conducting  plates,  small  holes  with  diameter 
2a  (in  this  case,  2a=1.6mm)  are  opened  and 
a  thin  dielectric  rod  (in  this  case,  TPX  rod 
with  er=2.12)  with  the  same  diameter  2a  runs 

through  them,  thus  constructing  an  open 
resonator.  The  thin  dielectric  rod  is 
connected  to  dielectric  cylinders  at  both 
ends.  These  two  dielectric  cylinders 
constitute  the  input  and  output  waveguides 
to  the  resonator  and  transmit  the  HEn  mode. 

At  resonance,  two  oppositely  traveling 
HEn  modes  are  excited  between  the  plates, 
and  produce  a  standing  wave.  Here,  we  use 
the  following  notations. 

W  :  stored  energy  per  unit  length  for  each 
traveling  wave 

P,:  dielectric  rod  loss  per  unit  length  for 
each  traveling  wave 

Pc:  surface  loss  of  a  conducting  plate  for 
the  standing  wave 

P  :  radiation  loss  through  two  coupling 
holes  for  the  standing  wave 


Plate  Holder  1  Plate  Holder 2 


Copper  Block 


CONSTRUCTION  OF  THE  OPEN  RESONATOR 
AND  ITS  RESONANCE  PROPERTIES 


Figure  1 

Schematic  construction  of  the  open  resonator. 


The  construction  of  the  resona¬ 
tor  is  shown  shematically  in  Fig.1. 
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Z<  =Rg  +3^s  :  surPace  impedance  of  a 

/  \  Cel  / _ \  normal  conductor 

Rg  -Rg  '+jXg  '  :  surface  impedance  of  a 
superconductor 
:  normal  metal  conductivity 

Oi-io2  ’•  superconductor  complex  conductivity 

A^n  -((Du0on/2)-^=6  :  normal  metal  field 
_i  penetration  depth 

A'  -((OU0O2)-5  :  superconductor  field 
penetration  depth 


Assuming  the  film  thickness  is  sufficiently 
larger  than  the  field  penetration  depth, 
following  relations  are  obtained, 


Z^n)=5ir(1+j)=|<1)UoA(n)(1+j) 

i-'Z'-h#* 


(1) 


The  effect  of  the  surface  reactance  X 

s 

to  the  standing  wave  has  been  analyzed  by 
using  a  transmission  line  analogue  for  the 
HE11  mode.  In  this  treatment,  we  have 
used  the  TE-wave  impedance  Z^g=o)Uo/3  for  the 

HE11  mode  wave  impedance  and  have  used  it  as 
the  characteristic  impedance  of  the  analogue 
line.  This  approximation  is  reasonable, 

because  the  TE-wave  component  is  more  domi¬ 
nant  than  the  TM-wave  component  in  the  HEn 
node.  By  this  approximate  analysis,  we 

have  obtained  the  conclusion  that  the 
existence  of  Xg  is  replaced  by  a  small 

backward  displacement  of  the  conducting 
plate  wall,  where 


A1 

A1 


(n)„  1 
"  2 

<*>=  A 


6  =  lA 

(s) 


(n) 


(2) 


The  resonance  condition  is  given  by 


1+A1i+A12+A1o=NA  /2,  N:  integer  (3) 

O 

where  Al0  is  brought  by  the  coupling  holes. 
At  resonance,  we  have 


Aa)  =  _L±  +  Pd+Pc2+Pr 
Q.  W  2  1W 


(4) 


where  Aw  is  the  half  power  width  of  the 
resonant  transmission  curve  of  resonator, 
and  is  the  loaded  Q. 


MEASUREMENT  OF  SURFACE  IMPEDANCE 

First,  we  use  two  equal  normal  conduct¬ 
ing  plates  in  the  resonator  and  excite 
resonances  for  two  resonator  lengths  lj  and 
12  at  almost  equal  frequencies  (the  differ¬ 
ence  between  the  two  resonant  frequencies 
Wi  and  w2  are  kept  as  small  as  possible). 
Using  Eqs.(3)  and  (4),  we  have 

li+  A(n)+  Al0=^N1Ag1 

I2  +  A(n^+  A10=jN2A  2  (5) 

p(n)  p 

Hr  w 

Pr/W  can  be  obtained  from  calculation  or 


preliminary  experiment.  Therefore, 
P^nVw  is  determined  from  Eq.(-6).  The 
theoretical  expression  for  P^  '/W  has  been 
obtained  including  or  R  .  Then,  on 
or  R 

/W. 


s 


can  be  obtained  from  the  measured 
(n) 


value  of  P 

Secondly,  we  replace  a  superconducting 
plate  for  one  of  the  normal  conducting 
plates  used  in  the  above  experiment,  and 
conduct  similar  experiment.  In  this  expe¬ 
riment,  two  resonator  lengths  lj*  and  12' 
are  set  almost  equal  to  li  and  12  respec¬ 
tively.  Also,  the  two  resonant  frequen¬ 
cies  oil'  and  w2 '  are  kept  almost  equal  to 


each  other,  and  to  u>i  and  w2. 
have 


Then,  we 


1 

li 


+  A 


(s) 


12  +A(s^ 


p(s)+p(n) 
c  c 


lx(n) 

2A 

l,(n) 

2A 


+A10=  ^iAg-| 
+A10=  |N2Ag2 


(7) 


2W 


11  P 

(Au)j-  Aw2  )-  ^ 

1 2“1 X  ^ 

From  Eqs.(5)  and  (7),  we  have 

a(s)-1a(»)  =  ^Ni ( Ag1 -  Ag1 ) +1 1 —1 1 

3  A_  , 

Ni(wi  -wi)+li  - 

0)1 

a  has  been  determined  by  the  former 
n  /  \ 

experiment,  and  so  Avn;  is  obtained  from 

calculation.  In  Eq.(9),  3A  /3w|  is 

o  W 1 

calculable  from  the  dispersion  equation. 

Then,  A^  can  be  obtained  from  Eq.(1). 
From  Eqs.(6)  and  (8),  we  have 

p(s)_p(n) 
c  c 


3(0 


(8) 


(9) 


2W 


11  11 

~  j-a-x-2-{  (A0)i_Ao)2)_(A(i)i_Ao)2)}  (10j 

By  using  P^nVw  obtained  from  the  former 
c  ( s ) 

experiment,  P^  ;/W  is  determined  from 
Eq.(10).  From  this,  RgS^can  be  calculated. 


EXPERIMENTAL  SETUP 


The  open  cavity  block  is  fixed  on  the 
4K  stage  in  the  cold  box  of  SUMITOMO's 
Refrigerator  SRJ803-  To  lower  the  stage 
temperature  to  4>3K  from  room  temperature, 
it  takes  about  6  hours.  Accordingly,  it 
is  possible  to  conduct  the  measurements  at 
various  intermediate  temperatures.  This 
is  perticularly  suited  to  obtain  the  tem¬ 
perature  dependence  of  high-T  supercon¬ 
ducting  thin-film  surface  impedance.  To 
conduct  the  experiments  speedily,  we  are 
using  U-band  sweep  generator  (WILTRON 
6672A)  and  scalar  network  analyser 
(WILTRON  560A). 

The  experimental  data  will  be  presented 
at  the  Conference. 
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OPEN  TUBE  RESONATORS  FOR  MILLIMETER/SUBMILLIMETER-WAVE 
SURFACE  RESISTIVITY  MEASUREMENTS 

P.  P.  Woskov,  D.  Y.  Rhee,  and  D.  R.  Cohn 

Plasma  Fusion  Center 
Massachusetts  Institute  of  Technology 
Cambridge,  MA 


ABSTRACT 

We  present  a  novel  technique  for  the 
measurement  of  surface  resistivity  using  whispering 
gallery  modes  in  an  open  cylindrical  resonator. 
Preliminary  results  for  copper  at  140  GHz  and 
application  to  high  Tc  superconductors  will  be 
presented. 

INTRODUCTION 

Ohmic  loss  at  millimeter/submillimeter-wave 
frequencies  is  an  important  parameter  for  the 
development  of  resonators,  high-power  sources,  and 
transmission  lines.  In  many  cases  it  is  the  limiting 
factor  in  power  capability  and  efficiency.  However,  the 
frequency  dependence  of  copper  resistivity  is  not 
adequately  characterized  (1,2).  Moreover,  high  temper¬ 
ature  superconductors  have  the  potential  of  low 
resistivity  at  millimeter/submillimeter  wavelengths, 
but  more  study  is  needed  to  improve  understanding  and 
material  development  (3).  Measurements  of  low 
temperature  superconductors  at  high  frequency  would 
also  be  of  interest. 

Conductivity  measurements  at  frequencies  up  to 
70  GHz  are  typically  made  by  constructing  a  closed 
resonator  and  measuring  its  Q  in  the  fundamental 
mode.  This  technique  becomes  increasingly  difficult  at 
higher  frequencies  because  of  shrinking  dimensions. 
Furthermore,  the  use  of  a  Fabry-Perot  open  resonator  at 
frequencies  >70  GHz  requires  very  high  Q  operation, 
critical  alignment,  and  has  input/output  coupling 
uncertainties. 

In  this  presentation  we  describe  a  novel  new 
resonator  technique  that  can  be  readily  extended  into 
the  Terahertz  frequency  range  without  the 
disadvantages  of  the  closed  resonator  or  Fabry-Perot.  It 
is  based  on  the  use  of  surface  modes  in  an  open 
cylindrical  tube  resonator.  It  is  an  extension  of 
previous  work  with  cold  cavity  gyrotron  Q 
measurements  (4).  The  major  advantages  of  this  type  of 
open  resonator  are:  1)  the  Q  factor  can  be  minimized  for 
more  sensitivity,  2)  it  is  applicable  to  very  high 
frequency  measurements,  3)  input/output  coupling  does 
not  require  special  design,  and  4)  the  Q  factor  does  not 
depend  on  a  critical  alignment. 

THE  OPEN  TUBE  RESONATOR 

The  open  tube  resonator(5)  is  a  straight  section  of 
waveguide  open  at  its  ends.  Near  the  cutoff  frequency  of 
a  given  guide  mode,  diffraction  at  the  open  ends 
provides  the  feedback  to  establish  resonances.  In  a 
cylindrical  guide,  when  the  guide  length  L»X,  the 


TEmp  resonances  are  given  by 

-  UmpC 

Imp  -  0 

2?t  r 

where  ump  is  the  pth  zero  of  the  Bessel  function,  and 
r  is  the  guide  radius. 

If  the  internal  dielectric  is  lossless,  the  total  Q 
depends  only  on  the  diffraction  losses  at  the  open  ends 
and  on  the  wall  losses  due  to  the  surface  resistivity 

Qt=(Qd+Q^1  (1) 

where  Qd  is  the  diffracive  Q  and  Qq  is  the  ohmic  Q. 
Input  and  output  coupling  is  achieved  through  Qd.  The 
diffractive  Q  is  given  by 

mm  <r>2  • 

where  Ri  and  R2  are  the  reflectivities  at  the  resonator 
ends  and  L  is  the  length  of  the  stored  field.  Computer 
codes  exist  for  evaluating  Qd  (6).  The  ohmic  Q  is  given 

by 

Qn  =  f  [l  -(-f-)2]  (3) 

o  I>mp 

where  5  =  (p/fp)1/2  is  the  skin  depth,  p  is  the  surface 
resistivity,  and  p  is  the  permeability. 

For  a  given  resistivity,  Qa  can  be  made  much 
lower  than  in  any  other  resonator  by  using  a  surface 
mode  where  m»l  and  p  =  1  (also  referred  to  as 
whispering  gallery  modes).  Having  a  Qn  as  low  as 
possible  allows  a  lower  Qd  to  be  used  which  reduces  the 
requirement  on  diagnostic  source  linewidth  and 
frequency  stability  and  increases  the  signal  levels  for 
measurement.  This  is  an  important  consideration  in  a 
wavelength  range  where  the  performance  and 
availability  of  sources  and  detectors  decreases  with 
frequency.  It  would  also  make  possible  the 
measurement  of  much  lower  resistivities  than  could  be 
made  with  other  types  of  resonators. 

At  the  same  time  using  a  higher  order  mode 
keeps  the  resonator  dimension  large  relative  to  the 
wavelength,  making  practical  measurements  well  into 
the  Terahertz  range.  In  fact  one  sample  cavity  could  be 
used  to  make  measurements  at  many  frequencies  by 
tuning  to  different  modes.  An  open  resonator  has  an 
advantage  over  a  closed  resonator  in  going  to  higher 
order  modes  because  the  mode  density  is  less,  and  the 
complication  of  input/output  coupling  holes  is  not 
necessary.  In  comparison  to  the  Fabry-Perot  open 
resonator,  the  open  tube  can  make  use  of  diffractive 
coupling  without  ambiguity  to  the  transverse  mode, 
excited,  does  not  need  alignment,  and  can  work  with  a 
much  lower  Q. 
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EXPERIMENT 

Experiments  have  been  started  to  demonstrate 
the  feasibility  of  using  the  open  tube  resonator  for 
surface  resistivity  measurements.  The  experimental 
arrangement  is  illustrated  in  Figure  1.  A  cylindrical 
resonator  is  placed  between  two  conical  up  tapers  and  a 
Vlasov  coupler  (7)  at  one  end  to  facilitate  input/output 
coupling.  For  these  tests  the  TEgi  mode  at  140  GHz  has 
been  chosen.  An  unleveled,  swept  tunable  impatt  diode 
with  3-4  MHz  linewidth  and  up  to  10  mW  power  was 
used  as  the  diagnostic  source.  A  heterodyne  receiver, 
with  a  Schottky  diode  mixer  and  a  tripled  Gunn 
oscillator  as  the  local  oscillator,  was  used  as  the 
detector. 

The  detected  signal  for  a  copper  resonator  at 
room  temperature  is  shown  in  Figure  2  with  the 
receiver  viewing  a  peak  of  the  far  field  pattern  at  A  in 
Figure  1  and  the  impatt  diode  beam  is  coupled  through 
the  Vlasov  coupler.  The  four  peaks  correspond  to  4 
longitudinal  modes  with  mode  numbers  &  =  2,  3,  4,  and 
5.  The  ability  to  detect  more  than  one  longitudinal  mode 
is  good  because  ohmic  Q  is  approximately  the  same  for 
adjacent  modes,  and  diffractive  Q  varies  in  a 
predictable  way  as  l'2-  Therefore  both  Qo  and  Qd  can  be 
determined  from  the  signal  for  2  or  more  modes 
without  any  assumptions.  There  are  no  independent 
parameters. 

The  Qx  measured  due  to  the  width  of  the  first 
peak  {l  =  2)  is  approximately  2000  which  is  an  order  of 
magnitude  less  than  the  limit  due  to  the  impatt  diode 
linewidth  and  more  than  two  orders  of  magnitude  less 
than  typically  required  with  Fabry-Perot  resonators. 
However,  this  low  a  Qx  is  limited  by  the  ohmic  losses, 
Qd  being  approximately  5000  in  this  case.  The 
measurements  are  consistent  with  copper  resistivity  at 
140  GHz  but  are  not  yet  precise. 

Experimentation  is  underway  to  improve  the 
resolution  of  the  resonator  peaks  which  tend  to  overlap 
as  shown  in  Figure  2.  If  the  impatt  diode  beam  were 
perfectly  matched  to  the  Vlasov  coupler,  and  the 
coupler  were  100%  efficient,  then  the  signal  should  look 
like  a  highpass  filter  response  with  no  resonances. 
However,  the  resonator  is  also  acting  as  a  mode 
converter  at  the  resonances  and  this  appears  as  peaks 
in  the  detected  signal.  It  may  be  possible  to  sharpen  the 


observed  resonances  by  launching  the  diagnostic  beam 
in  the  near  field  from  the  conical  taper  end  and  viewing 
the  signal  through  the  Vlasov  coupler.  Also,  viewing  in 
reflection  as  in  (4)  may  be  another  alternative.  Results 
of  this  experimentation  will  be  presented  as  well  as 
measurements  of  different  metals  and  at  different 
temperatures. 

High  Tc  superconductor  measurements  could  be 
made  by  immersing  the  outside  of  the  resonator  in  a 
cryogenic  such  as  liquid  N2  while  flowing  a  dry  gas 
through  the  test  setup.  Another  cooling  method  could 
be  to  flow  a  supercooled  gas  such  as  N2  or  He  through 
the  resonator  to  cool  only  the  working  surface.  The 
cooling  gas  could  then  act  simultaneously  as  the 
lossless  dielectric  and  the  coolant.  The  use  of  narrow 
linewidth  sources  in  combination  with  low  Qa  open 
tube  resonator  modes  could  make  possible 
measurements  of  high  frequency  resistivity  which  is 
many  orders  of  magnitude  lower  than  that  of  copper. 
These  measurements  would  be  useful  in  developing 
improved  RF  properties  of  high  Tc  superconductors. 
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Figure  2 

TE6i  resonances  at  140  GHz.  The  four  peaks 
correspond  to  the  longitudinal  modes 
i  =  2, 3, 4,  and  5 


Figure  1 

Experimental  setup  for  measuring  the  Q  of 
modes  in  a  cylindrical  open  resonator 
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ABSTRACT 

We  present  a  fast,  wide-spectral  range 
photoconductivity  FIR-detector  system  suitable  for 
application  in  short,  pulsed  high  magnetic  fields. 


INTRODUCTION 

Submillimeter-Magneto  Spectroscopy  is  one  of  the 
most  effective  tools  in  the  investigation  of  electronic 
properties  of  solids.  In  the  usual  experimental 
arrangement  a  DC-magnetic  field  in  connenction  with 
modulation  of  the  electromagnetic  radiation  is  applied 
to  take  advantage  of  phase-sensitive  modulation  and 
thus  tremendously  enhancing  the  signal-to-noise 
ratio  of  the  experiment.  The  magnetic  field  range 
covered  by  superconducting  solenoids  is  at  the 
moment  up  to  about  15  Tesla,  whereas  hybrid  systems 
peak  up  to  about  30  Tesla.  Higher  magnetic  field 
intensities  are  only  available  in  short-time,  pulsed 
fields  with  a  pulse  length  to  the  order  of  some  ten 
milliseconds. 

The  essential  issue  of  the  present  effort  is  the 
combination  of  high-frequency  modulation 
spectroscopy  together  with  pulsed,  high  magnetic 
fields.  Due  to  the  necessary  resolution  of  the  final 
signal  a  modulation  frequency  of  some  hundred  kHz  is 
necessary.  The  successful  application  of  this  concept 
in  "DC"-magneto  transport  in  pulsed  magnetic  fields 
has  recently  been  demonstrated  and  results  in  a 
exorbitant  increase  of  the  signal-to-noise  ratio  '1|. 
The  extension  of  this  method  to  "optical"  frequencies 
is  the  consequent  objective  for  the  future.  This 
implies,  however,  both  a  fast  modulation  of  the  FIR- 
radiation  as  well  as  a  corresponding  fast  detector- 
system. 

EXPERIMENTAL  ARRANGEMENT 

In  contrast  to  the  usual  bolometers  used  In 
submlllimetcr  magneto  spectroscopy  for  a  frequency 
response  of  some  hundred  kHz  only  photoconductive 
detectors  can  be  applied.  To  cover  the  essential  part 
of  the  submillimeter  spectrum  we  applied  three 
different  photoconductive  semiconductors,  namely  n- 
type  InSb,  n-type  GaAs,  and  Ge:Ga,  and  mounted  them 
together  in  the  same  integrating  sphere,  as  shown 
schematically  In  Fig.  1. 


Oc'.ectcr  Dements  Cold  Window  Cone 

Fig.  1 


Black  polyethylene  at  the  opening  of  the  integrating 
sphere  was  used  as  cold  filter  to  block  of  room 
temperature  radiation.  To  reduce  noise  we  used  He- 
cooied  preamplifiers  and  load  resistors  mounted  in  the 
direct  vicinity  of  the  integrating  sphere.  The  diagram 
of  the  electrical  circuit  is  given  in  Fig.  2. 

Of  special  interest  are  now  the  three  parameters 
response  time,  spectral  range,  and  sensitivity.  As 
matter  of  fact  the  response  time  is  not  limited  by  the 
physical  mechanism  of  photo  excitation,  but  by  the 
layout  of  the  amplifiers.  As  can  be  seen  in  Fig. 3  the 
response  time  is  about  2  psec  thus  resulting  in  a 
frequency  limit  of  about  500  kHz  sufficiently  high  for 
the  application  in  pulsed  magnetic  fields. 


An  interesting  feature  of  the  detector  is,  that  all 
three  detector  materials  exhibit  a  photoresponse  also 
for  such  low  radiation  frequency,  that  a  direct 
photo-ionisation  can  be  definitely  excluded.  In  Fig.  4 
we  have  plotted  as  example  the  normalized  response 
In  the  range  between  80  and  115  Gigallz.  The 
physical  mechanism  resulting  in  the  pronounced 
resonance-like  spectrum  is  not  known  yet. 

No  definite  numerical  value  has  be  obtained  yet  for 
the  sensitivity  nor  the  NEP.  From  comparison  of  the 
performance  with  the  well  known  Ge-bolometer  of  the 
INFRARED  LABORATORIES,  Tuscon,  our  detector  has  at 
least  comparable  paramters.  The  exact  noise 
investigation  is  in  progress. 


Normal.  Intensity  tarhun) 
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SUMMARY 

We  present  a  triple-photoconductive  detector  system 
with  a  spectral  range  between  80  GigaHz  to  5000 
GigaHz  and  a  response  time  smaller  than  2  usee.  The 
design  of  the  system  is  especially  conceived  for 
application  pulsed-magnetic-field  laser-spectroscopy. 
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High  Dynamic  Range  Infrared  Detectors 
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We  describe  the  use  of  cryogenicaUy  cooled,  extrinsic 
silicon  p+-n-n+  diodes  in  an  unconventional  mode  of  opera¬ 
tion  as  infrared  detectors]  l],  which  offer  an  unusually  large 
dynamic  range.  The  use  of  these  detectors  for  high  dy¬ 
namic  range  IR  radiometry  and  IR  imaging  would  require 
no  preamplifiers  and  could  open  the  way  to  new  means  of 
3-D  processing  at  or  near  the  focal  plane.(2]  The  detectors 
perform  intensity-to-frequency  conversion  via  circuits  with 
very  low  power  consumption.  To  our  knowledge,  these  are 
the  only  detectors  which  perform  direct  IR  intensity-to- 
frequency  conversion  in  the  detector  itself. 

For  p+-n-n+  diodes,  we  have  observed  pulses  with  en¬ 
ergy  dissipation  down  to  4  picojoules/mm5/pulse  and  a 
quiescent  power  dissipation  of  10  picowatts/mms.  Con¬ 
sidering  the  thermodynamic  efficiency  of  cooling,  these 
numbers  correspond  to  290  picojoules/mm,/pulse  and  710 
picowatts/mm2  at  room  temperature.  Low  power  dissipa¬ 
tion  is  useful  in  terms  of  cooling  requirements.  The  spec¬ 
tral  response  of  these  detectors  has  been  measured[3]  with 
a  liquid-helium-cooled  monochromator  and  found  to  be 
similar  to  other  extrinsic  detectors[4]  employing  the  same 
impurity. 

Many  accurate  means  of  measurement  are  based  on  the 
conversion  of  an  analog  input  signal  to  a  frequency  which 
can  be  accurately  measured.  There  are  many  situations 
in  which  a  high  dynamic  range  is  useful  simply  by  the 
nature  of  the  application.  For  example,  luminosities  of  as- 
trophysical  sources  vary  over  many  orders  of  magnitude.(5] 
Measurements  of  high  radiometric  fidelity  are  complicated 
whenever  the  range  of  luminosity  exceeds  the  dynamic 
range  of  the  detector  system. 

The  detectors  generate  pulses  which  are  nearly  uniform 
in  height  and  the  incident  IR  intensity  controls  the  pulse 
repetition  rate  over  a  pulse  rate  dynamic  range  of  about 
10®.  Pulse  heights  are  typically  in  the  range  1  volt  to  50 
volts  which  eliminates  the  need  for  preamps.  Three  neutral 
density  filters  with  0.01  transmission  were  used  to  measure 
detector  response  over  a  dynamic  range  of  about  10®.  The 
reflectivity  of  the  filters  has  been  taken  into  consideration, 
since  with  more  than  one  filter  in  the  beam,  multiple  re¬ 
flections  can  increase  the  beam  intensity  somewhat.  The 
formula  for  the  transmitted  beam  after  passing  through 
three  filters  is  Tt  x  x  where  Tu  T}  and  T$  are 
the  transmission  coefficients  of  the  three  filters  (0.01  in  our 
case)  and  R  is  the  reflection  coefficient  of  the  filters,  which 
is  0.3  for  our  filters  because  they  are  made  of  silicon.  This 
result  is  used  in  Figs.  1  and  2. 


Figure  1:  Pulse  rate  vs  incident  IR  flux  (transmission)  with  unit  flux 
representing  the  flux  incident  on  the  detector  without  any  filters  in  the 
IR  optical  path.  The  detector  bias  voltage  was  14.6  volts  and  the  dark 
pulse  rate  was  1.9  x  10-3  Hz.  The  4  displayed  data  points  indicate  a 
dynamic  range  of  nearly  10e.  Including  the  dark  pulse  rate  brings  the 
dynamic  range  to  about  2  x  10®. 


Figure  2:  The  detector  output  for  an  IR  source  temperature  of  about 
100  K.  This  data  set  shows  much  more  curvature  than  the  results  in 
Fig.  1.  which  agrees  with  the  model.  This  pronounced  curvature  can  be 
intuitively  understood.  As  the  intensity  associated  with  all  four  points  is 
reduced,  the  pulse  rate  for  each  point  is  reduced.  The  lowest  intensity 
point  is  the  first  one  to  approach  a  lower  bound  associated  with  the  dark 
pulse  rate.  This  results  in  a  flattening  on  the  left  hand  side  of  the  plot. 
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From  our  previous  work, (6)  the  firing  rate  in  terms  of 
the  incident  intensity  I,  dark  rate  fdark  and  a  parameter 
Jo  is  given  by 

m o 

1  }darkln(l  +  I/I0) 

This  model  is  used  to  obtain  the  calculated  frequency  re¬ 
sponse  for  fits  shown  in  Figs.  1  and  2. 

The  data  in  Fig.  1  show  that  the  detector  is  sensitive  to 
IR  over  a  range  of  intensities  of  about  10®.  The  IR  source 
on-off  ratio  when  all  three  filters  are  in  the  IR  path  is  about 
6.  That  is,  the  frequency  is  1.9  x  10-s  Hz  with  IR  source  off 
and  1.2  x  10-J  IIz  with  IR  source  on.  This  shows  that  there 
is  measurable  response  at  the  low  end  of  the  intensity  range 
despite  the  approximately  10®  attenuation.  In  other  words, 
there  is  a  pulse  rate  which  is  distinguishable  from  a  dark 
pulse  rate.  The  approximately  linear  character  of  the  data 
plotted  in  Fig.  1  agree  with  the  model  given  above.(6]  Fig.  2 
shows  the  same  comparison  for  a  data  set  obtained  with  a 
lower  IR  source  temperature  of  around  100  K.  In  this  data 
set,  the  experimental  points  show  a  larger  curvature  than 
in  the  previous  two  sets.  This  agrees  with  the  model,  for  at 
lower  intensities  the  model  tends  to  show  some  curvature. 
For  data  in  Fig.  2,  /<&,*  is  1.9  x  10-i  Hz  and  I/I0  is  1.01 
for  the  lowest  experimental  intensity.  The  IR  source  on-off 
ratio  when  all  three  filters  are  in  the  IR  path  is  about  1.5. 
That  is,  the  experimentally  observed  frequency  is  1.9  xlO-5 
Hz  with  the  source  off  (dark  rate)  and  2.7  x  10“*  Hz  with 


the  source  on.  Note  that  the  calculated  and  observed  dark 
rates  match  very  closely.  This  is  equivalent  to  saying  that 
the  model  extrapolates  well  to  I  =  0.  This  is  not  surprising 
for  low  intensity  data. 
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ABSTRACT 

New  IR  detectors  with  twin  elements  were  developed  for 
precision  earth  sensors  of  satellites.  Two  sorts  of 
pyroelectric  elements,  ceramics  and  sputtered  films,  were 
studied.  Each  element  is  mounted  on  an  immersion  lens. 
Minimum  random  error  of  attitude  measurement  is  much 
smaller  (  0.012*)  than  that  (  0.06*)  of  our  preceding  type. 


ical  objective  lens  and  an  immersion  lens  are  adopted. 

2)  Low  Cross  Talk 

Electrical  and  optical  separations  between  two  channels  of 
the  telescope  have  been  investigated  in  order  to  decrease 
the  cross  talk  which  has  effects  on  the  performance  of 
earth  sensors. 


INFRARED  DETECTOR 


INTRODUCTION 

Instead  of  thermopiles  or  thermistor  bolometers,  we 
have  been  developing  earth  sensors  using  pyroelectric  IR 
detectors  for  Engineering  Test  Satellites  (ETS)  of  National 
Space  Development  Agency  of  Japan  (  NASDA  )  and  the  sensors 
were  used  for  ETS-IV1’  launched  in  1981  and  ETS-V2’  in  1987. 
Precision  earth  sensors3’  are  in  process  of  development  as 
main  attitude  sensors  for  three-axis  stabi I i2ed  satellite 
under  the  program  of  NASDA  and  it  was  decided  to  be  adopted 
into  ETS-VI  which  is  a  synchronous  satellite  and  is  going 
to  be  launched  in  1992.  In  order  to  attain  our  purpose, 
it  is  necessary  to  develop  high  sensitive  IR  detectors  that 
have  two  channels  of  the  field  of  view  (  F0V  ).  So  new 
IR  detectors  have  been  researched  by  Matsushita  Research 
Institute  Tokyo, Inc. (MR IT)  and  NASDA,  Tsukuba  Space  Center. 


PRECISION  EARTH  SENSOR 

The  earth  sensor  consists  of  four  modules  from  scan¬ 
ning  mirror  to  digital  signal  processor  illustrated  in  Fig. 
1.  This  is  a  kind  of  optical  sensors  detecting  the  IR  ra¬ 
diation  <14~16/xmi)  from  COa  in  the  atmosphere.  The  IR 
telescope  consisting  of  an  objective  Ge  lens  and  a  detector 
is  the  most  important  module  dominating  the  performance  of 
the  sensor.  The  IR  detector  has  a  pair  of  pyroelectric 
elements  and  each  element  is  mounted  on  a  single  convex 
lens  respectively, so  that  the  earth  sensor  has  two  channels 
of  FOV.  The  F0V  is  caused  to  scan  through  24*  at  8  Hz  by 
means  of  sinusoidal  oscillation  of  a  plane  mirror.  The  cant 
angles  of  FOV  are  ±3.82*  respectively. 

As  the  earth  is  an  extended  target,  earth  sensors  are 
designed  to  locate  the  earth  horizon  in  order  to  determine 
the  orientation  of  a  satellite  toward  the  earth.  The  signal 
of  the  sensor  is  obtained  when  FOV  crosses  the  horizon  as 
in  Fig.  2.  The  attitude  of  a  satellite  to  the  earth  is  de¬ 
termined  by  the  error  angles  of  roll  and  pitch.  The  angular 
signals  are  expressed  in  values  relative  to  the  encoder  re¬ 
ference  pulse  of  the  scanning  mirror  system  as  in  Fig.  2. 
The  pitch  angle  is  given  by 

P=  (Lh-LU-Lh+Lu)  /4  (1) 

The  roll  angle  is  given  by 

r=2  (Laj-Lij)  /  (8tan0)  (2) 

j=l 

where  d  is  scan  latitude  (  27*  )  and  Lij  is  the  angular 
signal3’ . 

Features  of  the  IR  telescope  are  as  follows4’ . 

1)  Low  Optical  Aberration 

In  order  to  keep  optical  aberration  low  level,  an  aspher- 


The  construction  of  the  new  IR  detector  is  shown  in 
Fig.  3.  The  main  frequency  components  of  output  signals 
shown  in  Fig.  2  are  60~300Hz.  Considering  this  condition 
the  IR  detectors  have  been  designed  to  fit  in  with  the 
sensor.  Especially,  on  the  development  of  the  high  sensi¬ 
tive  detectors,  the  mounting  structures  of  pyroelectric  el- 
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Fig.  3  Construction  of  the  Infrared  Detector 
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events  have  been  investigated.  So  thermal  time  constant 
(tt),  determining  the  frequency  characteristics  of  the  IR 
detectors, Bay  be  longer  than  3as  which  is  equivalent  to  the 
lower  frequency  (6OH2)  of  the  earth  sensor  signals. 

Features  of  the  detectors  are  as  follows, compared  with 
preceding  detectors.  (  Table  1  ) 

1)  The  Element  Material  and  the  Thickness 

A-type;  lead  titanate  ceraaic  flake  (  PTOJlO/ia  ),the  saae 
aaterial  coapared  with  preceding  one  (  30 /ia  ). 
B-type;  Sputtered  epitaxial  f i las> of  calciua-aodified  lead 
titanate  (  PCT0;4#a  ). 

2)  Sensitive  Area 

Diaaeter  of  sensitive  area  is  saall(0O.3aa)  in  coaparison 
with  the  preceding  type  (00.9*0,  so  that  focus  length  and 
F  nuaber  of  lens  can  be  designed  saaller  than  preceding 
one  in  the  saae  condition  of  instantaneous  FOV  (  IF0V= 
-01.5*  ). 

3)  The  laaersion  Lens 

After  the  optical  design  of  the  iaaersion  lens  (saall  sin¬ 
gle  convex  lens),  it  was  decided  that  the  gap  between  the 
lens  and  pyroelectric  eleaent  is  5 /zb.  The  gap  prevents 

Tt  froa  lowering  under  the  ainiaua  liait  (  3as  ). 

4)  Detector  with  Twin-Eleaents 

In  spite  of  employing  a  pair  of  IR  sensing  eleaents,  the 
new  detector  is  designed  to  be  alaost  equal  in  si2e  and 
weight  to  preceding  one  which  contains  only  one  eleaent 
without  the  iaaersion  lens. 


EXPERIMENT  AND  EVALUATION 

The  IR  detectors  have  been  aanufactured  for  trial, using 
new  aaterial  (PCTO)  and  usual  one  (PTO).  Characteristics  of 
the  detectors  are  shown  in  Table  1.  The  detectivity  (  D  ) 
is  the  ratio  of  the  responsivity  (Rv)  to  the  noise  (N).  The 
frequency  characteristics  of  Rv  and  N  are  shown  in  Fig.  4. 

The  random  errors  of  the  sensor  on  pitch  axis  were 
estimated  by  using  the  two  sorts  of  the  IR  detectors  (  IFOV 
=—1.5°  )  and  the  preceding  one  (  IF0V=— 1.9°  ).  The  test 
aoduie  consisting  of  either  new  type  detector  and  the  ob¬ 
jective  lens  (  025aa  )  was  asseabled  into  the  preliainary 
aodel  of  the  sensor  with  a  forced  oscillating  airror3> 
aade  by  NEC  and  one  channel  of  analogue  signal  processor. 
The  results  of  the  experiaent  are  illustrated  in  Fig.  5. 
The  randoa  error  of  A-type  detector  (PTO)  is  —0.03°  and  B- 
type  one  (PCTO)  is  0.012°— 0.015°.  A-type  detector  sat¬ 
isfies  the  specification  of  the  earth  sensor  for  ETS-VI. 
Ve  are  going  to  investigate  B-type  in  order  to  confirm 
the  reliability  as  one  of  parts  for  space  use. 
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Table  1  CHARACTERISTICS  OF  IR  DETECTORS  FOR  TRIAL 


1  CHARACTERISTIC 
ITEMS 

PRECEDING 

IR  DETECTOR 

IR  DETECTORS  | 

FOR  PRECISION  EARTH  SENSOR  | 

FLAKE  TYPE 

AJFLAKE  TYPE 

BISPUT.  FILM 

PVR0.  MATERIAL 

PTO  CERAMICS 

PCTO 

PYR0.  C0EF. 

2.  5XirsC/cm2l( 

-6X  1  O'8 

DIELEC.  CONST. 

180 

-300 

|  Tan  $ 

0.  G  %  at  1  kHz 

1.  0% 

|  ELEMENT  SIZE 

0O.ta,3Opa  |  0O.3aa,lO/ia 

0O.3m,4jii 

WINDOW 

IR  FILTER  (  Ge  ;  14~16«n  )  [ 

MOUNT  STRUC. 

SINCLE  ELEMENT 

ELEMENT  WITH  imERSION  LENS 

ELEMENT  NUM8ER 

1 

2 

DETECTOR  SIZ- 

037.OnX2On 

04O.OaaX18M  height 

WEIGHT 

36g 

40g 

D  al  120Hz 

0.6X109Hz|/2/W 

1.5X109HzI/2/W 

2.7X109Hz,/2/W 

EL.  CAPACITY 

35pF 

I3pF 

60PF  ! 

Tt 

60k 

4i$ 

~~  6«s  1 

Fig.  4  Frequency  Characteristics 
of  IR  Detectors  for  Trial 
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The  dependence  of  GaAs  Schottky  diode  noise 
on  dry  etching  damage 
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Abstract 

The  noise  of  GaAs  Schottky  diode  caused  by  dry 
etching  damage  has  been  studied.  The  number  of  traps 
near  the  Pt/GaAs  interface  increases  with  the  dam¬ 
age,  and  this  greatly  increases  flicker  noise.  These 
experimental  results  can  be  explained  by  a  theoreti¬ 
cal  calculation. 


Introduction 

Millimeter  wave  and  submillimeter  wave  measure¬ 
ments  are  very  useful  for  plasma  diagnostics!  1 ), 
radio  astronomy  and  molecular  spectroscopy.  The  GaAs 
Schottky  diode  has  advantages  of  high  sensitivity, 
high  speed  responsibility  and  room  temperature  opera¬ 
tion  for  those  measurements.  We  have  been  studying 
and  fabricating  GaAs  Schottky  diodes  for  submilli¬ 
meter  wave  detectors  and  mixers(2).  The  noise  charac¬ 
teristics  of  a  Schottky  diode  are  important  for  sen¬ 
sitive  detectors  and  mixers.  Here  the  noise  depen¬ 
dence  on  dry  etching  damage  in  fabrication  process  is 
reported. 


The  dependence  of  the  noise  and  other 
characteristics  on  dry  etching 
Our  GaAs  Schottky  diode  is  a  honeycomb  type  for 
millimeter  and  submillimeter  wave  detectors.  The 
contact  holes  of  1pm  diameter  are  opened  by  reactive 
ion  etching  of  C2F6  Sas  plasma.  This  dry  etching 
process  damages  the  GaAs  surface.  Photo.  1  shows  the 


Photo. 


rough 

of  dry  etching  damage. 


effect 


effect  of  the  damage.  This  is  the  GaAs  surface 
slightly  etched  by  H2SO4/H2O9/  ^0(40:1:2)  solution 
after  3  minutes  dry  etching.  The  surface  of  GaAs  is 
very  rough,  and  the  pitch  seems  to  be  about  2000A. 
However  the  surface  of  slightly  wet-etched  GaAs  with¬ 
out  dry  etching  is  smooth.  This  fact  indicates  that 
dry  etching  damages  GaAs  surface.  The  depth  of  the 
damaged  layer  is  about  900A.  Fig.l  shows  the  I-V 
curves  with  dry  etching  and  without  dry  etching. 
No.l  shows  the  damaged  diode's  I-V  curve.  At  a  low 
forward  bias  voltage,  the  recombination  current  is 
very  large  for  the  damaged  diode.  The  ideality  factor 


Fig.l.  The  difference  of  I-V  curves  between  damaged 
ant*  undamaged  diodes  by  dry  etching  process. 
No.  1  :damaged,n=  1.55,iVn=0.68V, 
No.2:undamaged,n= 1 . 1 6,<}>bn=0.92V. 


and  barrier  height  are  poor.  No.2  shows  the  undamaged 
diode's  I-V  curve.  A  good  ideality  factor  of  1.16, 
and  a  barrier  height  of  0.92V  are  obtained.  However, 
even  if  the  damaged  layer  is  not  entirely  removed,  we 
can  often  see  good  I-V  curves.  For  example,  when  the 
damaged  layer  that  is  left  is  under  600A  thick,  the 
curves  are  as  good  as  the  undamaged  diodes.  This 
means  that  I-V  curve  does  not  give  a  good  indication 
of  the  damage. 

C-V  measurement  is  often  used  to  detect  the  dam¬ 
ages.  Fig.2  shows  the  1  IQr  versus  bias  voltage.  These 
capacitance  were  measured  at  10MHz.  The  diodes  of  6pm 
diameter  were  used  to  be  measure  accurately.  The 
plots  of  No.l  is  the  damaged  diode's  capacitance.  The 
plots  of  No.2  is  the  undamaged  diode's  capacitance. 
These  plots  are  not  so  different  from  each  other,  and 
the  barrier  heights  are  both  about  1.2V.  This  means 
(X  1027) 
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Fig.2.  The  difference  of  C-V  curves  between  damaged 
and  undamaged  diodes. 
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Fig.3.  Frequency  plots  of  barrier  capacitance. 

that  the  C-V  measurement  is  not  very  sensitive  to 
detect  the  damage. 

Fig.3  shows  the  barrier  capacitance  versus  fre¬ 
quency.  The  circles  are  the  damaged  diode's  capaci¬ 
tance.  This  capacitance  decreases  with  frequency. 
This  frequency  dispersion  indicates  that  the  dry 
etching  process  increases  the  number  of  traps.  The 
squares  are  undamaged  diode's  capacitance.  These 
plots  of  capacitance  are  constant  above  30KHz.  This 
indicates  that  the  number  of  traps  is  much  less  than 
that  for  the  damaged  diode.  A  frequency  plot  of  ca¬ 
pacitance  is  a  more  sensitive  indicator  of  traps  than 
I-V  and  C-V  measurements. 

Fig. 4  shows  the  noise  characteristics  of  the 
diodes.  The  vertical  axis  is  noise  power  amplified 
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Fig.4.  The  noise  characteristics  of  damaged  and 
undamaged  diodes. 

by  a  pre-amplifier  of  60dB  gain.  Band  width  is 
300KHz.  Curves  in  No.l  are  the  damaged  diode's  noise. 
These  noise  are  not  white  noise  but  flicker  noise. 
The  curves  of  No. 2  are  the  undamaged  diode's  noise. 
These  flicker  noise  are  not  often  of  1/f  slope.  The 
damaged  diode's  noise  reaches  to  over  200MHz(IF- 
band),  and  is  about  lOdB  larger  than  the  undamaged 
diode's  noise.  It  has  been  found  experimentally  the 
IF-band  flicker  noise  depends  sensitively  on  the 
number  of  traps  near  the  metalsemiconductor  inter¬ 
face.  So  the  noise  measurements  must  be  useful  to 
detect  those  traps  near  metalsemiconductor  interface. 


102  10*  10e  10®  10l° 
FREQUENCY  (Hz) 

Fig.5.  Theoretical  calculation  of  flicker  noise. 

The  flicker  noise  was  calculated  theoretically  by 
using  a  modification  of  Hsu's  method{3).  We  changed 
the  trap's  distribution  to  a  step  profile  from  Hsu's 
homogeneous  distribution.  Fig.5  shows  a  result  of 
this  calculation.  The  trap's  distribution  was  assumed 
to  have  a  higher  concentration  near  metal¬ 
semiconductor  interface  is  10*  'cm'^eV*  and  a  lower 
concentration  of  10  ^cm'^eV-*  in  the  rest  of  the 
depletion  layer.  The  thickness  of  higher  concen¬ 
tration  was  assumed  to  be  300A.  The  vertical  axis  is 
spectral  intensity.  There  is  a  frequency  independent 
region,  a  1/f  region,  transient  region,  a  1/f ^  re¬ 
gion  and  a  white  noise  region.  The  noise  of  transient 
region  depends  on  the  higher  trap  concentration 
layer  near  the  metalsemiconductor  interface.  The 
lower-frequency  flicker  noise  depends  on  the  traps  in 
entire  depletion  layer.  These  calculations  can  ex¬ 
plain  the  experimental  results  that  the  flicker  noise 
reaches  to  above  200MHz  and  has  not  often  1/f  slope. 

Conclusion 

These  experimental  and  theoretical  results  con¬ 
clude  as  follows, 

1.  Dry  etching  damage  increases  the  number  of  traps 
in  GaAs  and  degrades  the  diode  characteristics. 

2.  Frequency  plots  of  barrier  capacitance  are  a  more 
sensitive  indicator  of  traps  than  I-V  and  C-V  mea¬ 
surements. 

3.  The  flicker  noise  from  the  traps  often  reaches  to 
over  200MHz,  and  this  IF-band  flicker  noise  depends 
on  the  traps  near  the  metal-semiconductor  interface. 

4.  It  is  necessary  to  remove  the  damaged  layer  com¬ 
pletely  to  fabricate  a  low  noise  diode. 

5.  This  noise  measurement  is  useful  to  detect  the 
traps  near  the  metal-semiconductor  interface. 
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ABSTRACT 

Diode  heat  sinking  and  contact  resistance  opti¬ 
mization  play  key  roles  in  MOM  point  contact  diode 
thermal  stability  for  high  power  laser  detection. 
Such  enhancement  is  realized  by  further  optimization 
of  the  hooking  parameters  of  the  etched  whisker  tip. 


INTRODUCTION 

The  deliberately  hooked,  unblunted  tungsten 
whisker  tip  in  contact  with  ?.  nickel  coated  quartz 
post  in  the  metal-oxide-metal  diode  structure  has 
been  repeatedly  reported  by  us  to  exihibit  highly 
stable  detection  and  mixing  characteristics  both 
for  microwave  and  infrared  radiation  [1-4].  From  a 
structural  point  of  view,  hooking  should  provide 
some  cushioning  for  mechanical  vibrations,  a  free 
end  for  thermal  expansion  and  contraction  under 
intense  laser  irradiation,  and  a  rounded  bend  in 
the  oxide  layer  that  is  less  susceptible  to  electric 
charge  buildup  and  eventual  puncture  of  the  oxide 
insulation  layer.  With  proper  hook  chaping,  sharp 
tip  field  enhancement  in  the  junction  area  is  not 
significantly  degraded  as  long  as  the  sharp  tip  does 
not  deviate  too  far  from  that  area  due  to  excessive 
hooking.  As  a  result,  the  optimally  hooked-tip  diode 
is  a  much  more  stable  diode. 


FURTHER  STABILIZATION  OF  DIODE  PARAMETERS 

It  is  quite  evident  that  any  hooking  will  bring 
about  some  degree  of  stability  to  the  MOM  diode.  The 
task  lies  in  the  definition  of  the  optimum  hook 
desired.  It  has  been  reported  [5]  that  oxide  layer 
thickness  is  a  critical  parameter  in  defining  the 
diode  conduction  mechanism,  and  hence  diode  tempera¬ 
ture  characteristics  (see  Fig.  1).  Furthermore,  even 
for  oxide  layer  thicknesses  that  favor  the  tunneling 
mechanism,  the  rectified  voltage  across  the  diode 
is  very  much  dependent  on  oxide  thickness  (Fig.  2) 
[5],  and  hence  diode  resistance  (Fig.  3)  [6]. 
Essentially,  both  Figs.  2,  3  indicate  a  flat  top  or 
a  region  of  maximum  stability  of  the  diode.  This 
region  is  defined  by  oxide  layer  thickness,  which 
can  be  established  by  various  means. 


UNHOOKED-TIP  DIODE  DETECTOR  OUTPUT  UNDER  HEATING 

Most  workers  in  this  field  have  not  accepted  the 
concept  of  an  unblunted  hooked  tip.  Their  diodes 
thus  consist  of  a  sharp  etched  tungsten  whisker  tip 
in  contact  with  the  nickel  oxide  layer,  the  thickness 
of  which  is  pre-control  led.  Under  chopped  cw  C0~ 
laser  irradiation  with  lens  focusing,  the  temperature 


of  the  tip  is  likely  to  reach  a  value  that  often  pro¬ 
duces  a  red  hot  tip,  even  causing  vaporization  of  the 
tip.  Such  a  temperature  rise  wilT  certainly  lead  to 
significant  expansion  and  contraction  of  the  whisker 
tip,  changing  the  contact  pressure  and  oxide  layer 
thickness  of  the  diode.  Due  to  the  critical  link 
between  detected  voltage  and  oxide  layer  thickness, 
diode  output  will  be  very  sensitive  to  laser  heating, 
even  if  the  flat  top  region  of  oxide  thickness  is 
used  initially.  Such  a  situation  is  clearly  demonstra¬ 
ted  in  Fig.  (4)  [6].  Here,  heating  of  the  diode  is 
controlled  by  varying  the  chopping  speed.  A  five-fold 
variation  in  the  diode  output  is  observed  at  low  and 
high  chopper  speeds.  It  is  recognized  that  there  is 
less  heating  at  lower  chopper  speeds.  As  speed 
increases,  the  heating  cycle  is  much  shorter  than 
the  cooling  cycle  of  the  diode  structure,  so  that 
there  is  very  little  cooling,  and  the  diode  is 
progressively  heated.  Tip  expansion  ensues,  leading 
to  reduced  oxide  layer  thickness,  reduced  contact 
resistance  and  detected  output. 


HOOKED-TIP  MODE  DETECTOR  OUTPUT  UNDER  HEATING 

A  number  of  hooked- tip  diodes  are  fabricated 
and  optimized  in  terms  of  oxide  layer  thickness  by 
deliberate  penetration  of  the  tip  into  a  naturally 
overgrown  oxide  layer.  These  diodes  are  then  irradia¬ 
ted  by  chopped,  focussed  cw  C02  laser  radiation  at 
two  incident  laser  power  levels.  The  results  are 
shown  in  Fig.  5.  Within  experimental  error,  there  is 
no  noticeable  heating  effect  at  the  0.85  W  incident 
laser  power  level.  At  the  2.75  w  level,  the  heating 
effect  is  only  about  20%. 


CONCLUSIONS 

We  can  safely  note  that  preservation  of  oxide 
layer  thickness  under  various  ambient  conditions  is 
the  key  to  stabilization  of  the  MOM  point  contact 
diode.  It  has  so  far  been  discovered  that  controlled 
hooking  of  the  tip  is  a  very  convenient  and  inexpen¬ 
sive  means  of  accomplishing  this  goal.  This  minor 
modification  of  the  tip  has  brought  about  signifi¬ 
cant  improvement  to  the  stability  of  the  diode  with¬ 
out  severe  degradation  to  diode  performance.  The 
resulting  diode  can  be  a  rugged  unit  for  field  and 
high  power  applications. 
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ABSTRACT 

Antenna  characteristics  and  noise  performance  of 
an  improved  quasi-optlcal  Schottky-barrier  diode  mixer 
have  been  investigated  at  800  GHz.  Measurements 
indicate  that  system  noise  can  be  reduced  by  about 
25%  by  adding  a  conical  horn  structure  to  a  comer 
cube  mixer. 

INTRODUCTION 

During  the  past  two  decades  heterodyne 
techniques  using  GaAs  Schottky-barrier  diode  mixers 
have  been  extended  to  the  short  submlliimeter 
wavelength  range.  A  widely  used  mixer  design  is  the 
quasi-optical  comer  cube  til  or  comer  reflector  mount 
[21  both  consisting  of  a  long  wire  antenna  (whisker), 
which  serves  to  couple  the  electromagnetic  fields  to 
the  Schottky  diode,  combined  with  a  system  of  two  or 
three  orthogonal  reflecting  planes.  Calculations  using 
an  extended  theoretical  model  of  the  current 
distribution  on  the  radiating  elements  gave  good 
agreement  with  antenna  patterns  measured  on  a  scaled 
model  of  the  comer  cube  mixer  [31. 

Herrmann  [41  attached  a  conical  horn  antenna  to 
a  comer  reflector  mount  and  showed  that  the 
coupling  of  a  Schottky  diode  to  an  incoming  focused 
beam  could  be  improved  by  about  2  dB  at  600  GHz. 
From  beam  pattern  measurements  he  concluded  that 
the  increase  in  coupling  efficiency  could  be  explained 
by  an  improved  match  between  the  spatial  field 
distribution  and  the  antenna  pattern. 

In  this  paper  we  will  present  results  of  antenna 
beam  measurements  for  both  a  conical  hom  antenna 
structure  and  a  conventional  comer  cube  antenna. 
For  the  comer  cube  mount  in  the  heterodyne 
detection  mode  it  is  shown  that  the  coupling  to  a 
signal  source  can  be  increased  by  about  1.4  dB  when  a 
conical  hom  is  attached  to  the  mixer  block.  Results 
of  noise  measurements  are  presented  showing  that  a 
system  noise  temperature  of  6,600  K  (single  sideband) 
at  803  GHz  can  be  achieved  using  a  conical  hom 
antenna  structure. 

CORNER  CUBE  MIXER  MOUNT 

The  mixer  consists  of  a  Schottky-barrier  diode 
chip  (from  Mattauch,  U.  Va.,  type  117)  of  size  2S0 
x  250  pm  mounted  in  the  ground  plane  of  the 
mixer  block  and  a  90°  rooftop  reflector  which  can  be 
adjusted  for  optimum  spacing  from  the  whisker  axis.  The 
whisker  consists  of  2S-pm-  diam.  AuNi  wire,  the  tip  of 

*  Supported  by  an  Alexander  von  Humboldt  Research 
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which  is  sharpened  by  an  electrolytical  etching 
process.  The  length  of  the  antenna  is  determined  by 
a  90°  bend  in  the  wire  towards  the  apex  of  the 
reflector  and  is  chosen  to  be  4  X  at  an  operating 
frequency  of  800  GHz. 

After  the  contact  between  the  whisker  and  one 
of  the  anodes  has  been  established,  the  reflector  is 
adjusted  to  a  spacing  of  1.23  X  between  whisker  and 
the  vertex  of  the  reflector.  This  was  found  to  be 
optimum  for  the  4  X  antenna  and  the  optics  used  in 
the  laboratory  test  setup.  The  conical  hom  can 
be  mounted  to  the  mixer  block  without  disturbing 
the  mixer  adjustment,  and  is  positioned  so  that  the 
cone  axis  coincides  with  the  whisker  axis. 

ANTENNA  PATTERN  MEASUREMENTS 

The  mixer  block  is  mounted  on  a  rotary 
positioner  that  allows  rotation  of  the  block  about  two 
orthogonal  axes.  The  linearly  polarized  beam  of  an 
optically  pumped  far-  infrared  laser  (803  GHz)  is  used 
as  a  radiation  source.  The  beam  is  only  slightly 
divergent  and  has  a  width  of  40  mm  at  the  location 
of  the  mixer  block  so  that  an  approximate  plane  wave 
field  can  be  assumed  to  be  incident  on  the  antenna. 
The  maximum  video  response  of  the  Schottky  diode  is 
about  15  mV,  which  is  well  within  the  square  law 
region  of  the  diode  detector.  For  a  measurement  of  a 
plane  section  through  the  antenna  pattern  the  antenna 
mount  is  either  rotated  about  a  horizontal  axis 
(’elevation  section')  or  about  a  vertical  axis  (’azimuth 
section*)  while  the  video  response  of  the  diode  is 
recorded  simultaneously. 

Elevation  patterns  in  the  principal  E-plane  are 
shown  in  Fig.  1.  The  'box-data'  curve  represents  the 
measurement  with  the  conventional  comer  cube 
antenna  while  the  solid  curve  shows  the  result  with 
the  hom  antenna  mounted  in  the  comer  cube.  In  this 
diagram  the  curve  measured  without  the  conical  hom 
is  normalized  to  the  maximum  observed  in  the  pattern 
measured  with  the  hom. 

Figure  2  shows  azimuth  patterns  in  the  quasi-H- 
plane,  a)  for  the  comer  cube  antenna  and  b)  for  the 
hom  antenna,  through  the  main  lobe  which  is  located 
around  aQ  =  26°  (case  a)  and  around  <xQ  =  25°  (case  b). 
In  both  diagrams  the  solid  lines  denote  the  co- 
polarized  and  the  'box  -  data'  the  cross  -  polarized 
patterns.  The  cross-polarized  patterns  are  normalized 
to  the  respective  maxima  in  the  co-polarization  patterns. 

BEAM  CHARACTERISTICS  OF  THE  RECEIVER 

To  test  the  performance  of  the  antenna 
structures  in  a  heterodyne  detection  system  an 
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experimental  setup  as  shown  schematically  in  Fig.  3 
was  used.  The  mixer  block  is  mounted  in  the  receiver 
so  that  its  principal  polarization  is  vertical,  i.  e. , 
perpendicular  to  the  plane  of  Fig.  3.  The  horizontally 
polarized  laser  -LO  source  (803  GHz)  and  the  signal 
radiation  are  coupled  to  the  mixer  by  a 
Martln-Puplett-type  diplexer  that  is  tuned  to  2A  = 
10.48  mm.  This  corresponds  to  an  intermediate 
frequency  of  1.43  GHz,  the  center  frequency  of  the  IF 
amplifier  system  connected  to  the  mixer.  A 
mercury-vapor  lamp  is  used  as  signal  source . .  The 
emitted  FIR  radiation  is  collimated  by  a  TPX-lens  and 
an  aperture  of  10  mm  diameter  is  placed  in  front  of 
the  lens.  For  receiver  beam  measurements  the  setup 
can  be  translated  horizontally  ('azimuth',  x-direction  in 
Fig.  3)  or  vertically  ('elevation')  at  a  distance  of  8S0 
mm  from  the  signal  port  of  the  diplexer  while  the  IF 
signal  is  recorded  simultaneously.  To  measure  the 
response  of  the  mixer  in  the  horizontal  polarization 
('cross  polarization')  the  diplexer  is  tuned  to  zero 
path  difference.  In  this  case  the  vertically  polarized 
component  of  the  signal  as  passed  by  grid  1  is 
transformed  to  a  horizontally  polarized  beam  at  the 
mixer  output  port.  In  Fig.  4  (a)  and  (b)  the  azimuth 
scans  for  both  polarizations  are  shown. 

The  peak  signal  is  increased  by  about  1.4  dB 
when  the  horn  is  attached  to  the  mixer.  The 
cross-polarized  component  appears  about  5.5  dB  below 
the  peak  value  for  the  horn  antenna  structure  and  7.7 
dB  below  the  peak  value  for  the  antenna  without  the 
horn. 

From  noise  temperature  measurements  it  was 
found  that  the  system  noise  temperature  (single 
sideband)  is  reduced  from  8,300  K  (T\(  =  6,700  K)  for 
the  conventional  corner  cube  antenna  to  6,600  K  (T\j 
=  S.250  K)  for  the  horn  antenna  structure.  The  noise 
temperature  of  the  IF  amplifier  was  95  K. 


a)  b) 

Figure  2  Quasi-H-plane  patterns 


CONCLUSIONS 

It  has  been  shown  experimentally  that  the 
performance  of  a  heterodyne  receiver  for 
submillimeter  wavelengths  can  be  improved  by 
attaching  a  horn  structure  to  the  corner  cube  mixer. 
Upon  comparing  both  antenna  structures  it  is  seen 
that  although  the  video  response  of  the  mixer  is 
essentially  unchanged  the  heterodyne  sensitivity  is 
Improved  by  about  25%.  Furthermore  it  is  seen  that 
both  antenna  structures  have  strong  sidelobes  in  the 
cross-polarized  field  which  result  from  the 
beam-transforming  properties  of  the  optics  used  in 
front  of  the  mixer.  These  sidelobes  can  be  eliminated 
from  the  signal  path  by  using  polarization  selective 
elements  in  the  optical  system  between  signal  source 
and  the  mixer. 
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ABSTRACT 

An  small  adiabatic  demagnetization 
cooler  for  an  astronomical  far  infrared 
detector  has  been  built.  Single  crystals  of 
manganese  ammonium  sulphate  and  chromium 
potassium  alum,  were  prepared  as  magnetic 
substances.  The  superconducting  magnet  was 
indirectly  cooled  and  operated  by  small  cur¬ 
rent  up  to  13.3  A,  the  maximum  field  being 
3.5  T.  As  a  preliminary  step,  adiabatic 
demagnetization  to  zero  field  was  imple¬ 
mented.  The  lowest  temperature  obtained  was 
0.5  K,  for  5.0  K  initial  temperature. 

INTRODUCTION 

The  best  performance  of  a  far  infrared 
detector  used  in  space  is  achieved  when 
operated  at  the  lowest  possible  temperature. 
A  dilution  refrigerator  is  a  very  efficient 
method  to  achieve  a  temperature  below  0.3K. 
Under  zero  gravity  circumstances,  however, 
this  method  would  require  some  means  of 
separating  the  two  phases  in  the  mixing  cham¬ 
ber.  Another  method  to  achieve  a  temperature 
below  0.3K  is  an  adiabatic  demagnetization, 
which  works  even  in  space.  We  have  developed 
a  small-sized  adiabatic  demagnetization 
cooler  based  on  a  feedback  controlled  demag¬ 
netization  [3  and  4],  foreseeing  its  use  in 
space.  The  refrigeration  sequence  considered 
here  is  shown  in  Fig.  1.  First,  a  magnetic 
field  is  applied  to  a  magnetic  working  sub¬ 
stance,  decreasing  the  entropy  (AB  in  Fig. 
1).  During  this  process,  a  heat  switch  be¬ 
tween  the  magnetic  substance  and  a  liquid 
helium  bath  is  turned  on.  When  the  magnetic 
substance  temperature  reaches  the  bath  tem¬ 
perature,  the  heat  switch  is  turned  off.  The 
magnetic  field  is  then  reduced  to  a  certain 
field,  so  that  the  temperature  for  the  mag¬ 
netic  substance  and  a  detector  goes  down  to  a 
target  temperature,  below  0.3K  (BC),  followed 
by  a  slow  demagnetization  with  a  feed  back 
control,  which  maintains  the  temperature 
(CD)  . 

APPARATUS 

Chromium  potassium  alum  and  manganese 
ammonium  sulphate,  whose  ordering  tempera¬ 
tures  are  0.01K  and  0.17K[5J,  respectively, 
are  selected  as  the  magnetic  working  sub¬ 
stances.  The  single  crystals  has  been 
prepared,  which  have  higher  thermal  conduc¬ 
tivity  than  pressed  powder.  These  crystals 


are  18  mm  in  diameter  and  50  mm  in  length. 
Care  must  be  taken,  lest  decomposition  as¬ 
sociated  with  the  crystallization  water  loss 
should  occur.  Cooling  power  is  estimated  by 
the  heat  absorbed  in  the  isothermal  demag¬ 
netization  process  at  the  target  final  tem¬ 
perature  Tf,  following  the  adiabatic  demag¬ 
netization  from  the  initial  magnetic  field. 
In  case  of  the  manganese  ammonium  crystal, 
about  0.1  J  cooling  power  is  expected  for  the 
initial  4.2  K  temperature  and  3.5T  magnetic 
field  and  the  0.3  K  final  temperature.  If  the 
heat  leak  from  the  bath  to  the  magnetic  work¬ 
ing  substance  is  less  than  10“®  W,  the  final 
temperature  will  be  maintained  for  a  few 
hours.  The  bobbin  for  the  superconducting 
magnet  is  made  of  copper,  whose  surface  is 
plated  with  gold.  The  magnet,  placed  in 
vacuum  and  connected  thermally  to  the  bottom 
of  the  helium  bath,  is  cooled  only  by  conduc¬ 
tion  through  the  gold-plated  bobbin,  which 
would  ensure  the  magnet  operation  under  non¬ 
gravity  circumstances.  The  3.5  T  magnetic 
field  was  obtained  at  the  13.3  A  current.  A 
vacuum  vessel  was  set  in  the  bore  of  the  su¬ 
perconducting  magnet  and  the  magnetic  working 
substance  was  sustained  by  an  FRP  rod  in  the 
vessel [2].  A  charcoal  adsorption  pump  was 
used  as  the  heat  switch,  the  charcoal  being  1 
gram.  The  vessel  was  outgassed  and  backfilled 
with  gas  helium  to  atmospheric  pressure  at 
room  temperature.  All  the  gas  would  be  ab¬ 
sorbed  by  the  charcoal  adsorption  pump  and  a 
good  vacuum  would  be  obtained  after  the  char¬ 
coal  was  cooled.  A  carbon  glass  resistance 
thermometer  and  a  germanium  resistance  ther¬ 
mometer  were  set  in  the  magnetic  working  sub¬ 
stance.  Heat  leak  from  the  helium  bath  to  the 
magnetic  substance  was  estimated  to  be  as 
shown  in  Table  1 .  The  residual  gas  conduction 
would  be  the  main  origin  for  a  heat  leak  un¬ 
der  10”4  pa  pressure.  In  order  to  lower  the 
heat  leak  value  to  less  than  10-5  W,  a  vacuum 
better  than  10~5  Pa  is  required.  So,  effec¬ 
tively  using  the  charcoal  adsorption  pump  is 
the  key  technique. 

ADIABATIC  DEMAGNETIZATION  EXPERIMENT 

As  a  preliminary  step,  an  experiment  on 
complete  demagnetization  of  manganese  am¬ 
monium  sulphate  crystal  to  zero  field  was 
carried  out  at  the  4.2  K  bath  temperature. 
Figure  2  shows  a  typical  experimental  result. 
A  3.5  T  magnetic  field  was  applied  to  the 
manganese  ammonium  sulphate  crystal  with  the 
heat  switch  on.  The  salt  temperature  first 
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increased  to  about  7  K,  then  began  to 
decrease  due  to  the  effect  of  the  heat 
switch.  When  the  temperature  reached  5.0  K, 
the  salt  was  demagnetized  at  a  constant  rate 
of  0.26  T/min.  The  salt  temperature  was  then 
reduced  to  0.50  K.  The  salt  temperature  rose 
slowly  from  0.50  K  to  0.58  K  under  zero  field 
for  about  20  minutes,  followed  by  a  steep 
rise  to  4.2  K.  Figure  3  shows  the  trace  of 
this  result  on  the  entropy  temperature 
diagram.  The  demagnetization  process  from  5.0 
K  to  1.0  K  was  nearly  adiabatic.  The  devia¬ 
tion  from  the  adiabatic  process  was  caused  by 
the  heat  leak  to  the  salt  and  the  thermal 
capacity  of  the  working  substance  holder.  The 
heat  leak  was  estimated  to  be  of  10-4  W  or¬ 
der,  which  was  larger  by  one  order  than  our 
design.  The  charcoal  adsorption  pump  should 
be  improved  in  order  to  reduce  heat  leak  to 
the  magnetic  working  substance  due  to 
residual  gas  conduction.  The  process  below  1 
K  deviated  extremely  from  the  adiabatic  and 
was  rather  isothermal.  The  cause  for  this 
result  is  partly  explained  by  a  possibility 
of  crystallization  water  loss  which  led  to 
increased  interactions  between  manganese 
ions,  and  to  a  rise  of  the  magnetic  ordering 
temperature  of  the  manganese  ammonium  sul¬ 
phate  crystal  up  to  about  0.5  K.  The  steep 
temperature  rises,  shown  in  Fig.  2,  also 
seems  to  support  the  above  deduction. 

The  means  for  achieving  a  thermal  link 
between  the  working  substance  and  the  detec¬ 
tor  remains  unsolved. 
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Table  1  Estimated  heat  leak  from  helium  bath 
to  working  substance 


Bath  temperature _ 4.2  K _ 2 . 2  K 


Heat  conduction 
through  FRP  rod 
Heat  conduction 
through  wires 
Radiation 


7.4X  10“7W 
3. OX  10_6W 
5 . 6X  10-9W 


5.6X  10"8  W 
8.2X  10"7  W 
4.2*  10"10W 


Residual  gas  3.5X  10-5W  2.2X  10"5  W 

conduction{ 10-4  Pa) 


Tf  T, 


TEMPERATURE 


pig. i  Process  for  cooling  a  far  infrared 
detector 


TIME 

Fig. 2  Cooling  down  hysterisls  for  complete 
demagnetization  to  zero  field 


Fig. 3  Trace  on  the  entropy  temperature 
diagram 
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THE  STUDY  OP  ANTXREPLEtTIOK  DIELECTRIC  FILM  MATERIAL  ON  KERCUTY 
CADMIUM  TELLURITE  INFRARED  DETECTOR  SURFACE 

Luo  Yuanhai  Shu  Yuwen 


i.'ORTH  CHINA  RESEARCH  INSTITUTE 
OP  ELECTRO-OPTICS  IN  CHINA 

incraesing  rate  of  detectivity  (DBh)  and  res- 
pontivity  (Hv)  are  listed  in  Table  1  and  2  after 
Telluride(KCl)  coating  antireflection  film.  In  common,  this  ag¬ 
rees  with  theoretical  prediction. 


ABST.HCT 

The  performance  of  Mercury  Cadmium 
infrared  detecter  is  not  only  determined  by  elec¬ 
trical  parameters  of  material,  but  also  by  the  sur¬ 
face  state  of  sensitive  element. 

This  paper  shows  that  by  coating  the  surface  of 
8-12u  MCT  detecter  with  an  antireflecting  dielec- 
trio  material,  reflection  on  the  surface  of  sensi¬ 
tive  element  is  decreased  and  quantum  efficiency 
is  increased  therefore  detectivity  and  responsi- 
vity;  are  increased,  usually  by  15-30$. 


INTRODUCTION 

The  index  .  of  8-12u  MCT  is  about  3«5  If  there 
is  not  th#  antireflection  film  on  a  surface  it  wi¬ 
ll  be  about  30$  loss  in  ratiation  due  to< reflecti¬ 
on  and  irnasomission  rate  is  quite  leu. 

An  ideal  ant  irefleotion  film  should  have  an  in¬ 
dex.  pf  refraction  which  is  tha  square  root  of  the 
multiplication  of  the  indexes  of  refraction  of  in- 
oident  medium  and  substrate,  (l) 

i.e.  njrCiwn^ . (l) 

where  n,  n,  and  n4are  indexes  of  refraction  of  in* 
cident  medium,  thlnt film  and  substrate  respective* 
ly.  the  optical  thiokniss  of  thin  film  is  one  fou- 
th  of  the  specked  wavelength. 

Intrinsic  detector  materials  tend  to  bo  highly 
absorptive  and  for  a  good  detoctor  only  the  front 
surface  is  significant  .If  there  is  not  antire¬ 
flection  film,  quantum  efficiency  reduces  to 

^i(l-R)  ~  0.65 . (2) 

whore  is  auantum  efficiency,  R  in  roflocti  -i- 
ty  of  detecter  surface. 

By,  coating  antireflection  film,  the  quantum  ef¬ 
ficiency  would  be  0.55.  (2 ).  .  therefore  decrea¬ 

sing  rofleotivity  and  increasing  quantum  efficien¬ 
cy  arc  available .The  performance  of  detecter  will 
be-  improved. 
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Table  1 

Increasing  rate  of  coating  ZnSe  ($) 


Na 

Dbb  (CM’Ha^H) 

Rv  (v/w) 

1 

41 

21 

2L 

34 

39 

3 

29 

11 

4 

37 

17 

5 

44 

11 

6 

48 

25 

7 

12 

16 

8 

42 

25 

Table  2 

Increasing  rate  of  coatingJ 

ZfiS  ($) 

NS 

D^b  (°M  Hz&r1) 

Rv  (VM) 

1 

9.7 

6.4 

2 

-9.4 

37.8 

3 

22.2 

35-3 

4 

15.1 

24.6 

5 

1.6 

26.9 

6 

19.0 

9-9 

7 

19.4 

18.2 

8 

20.2 

25.0 

COATING  ANTIR3PL3CTICN  FILM 

In  our  experiments,  Thu  surfaoe  of  MOT  photo- 
oonductor  are  deposited  with  ZnS  and  ZnSe.  Tho 
index  of  refraction  of  ZnS  is  2.20  -  2.35  »nd  d n- 
Se  is  2.58.  The  index  of  refraction  H^Cc^To  is  a- 
bout  3.35.  Theindexes  of  refraction  of  ZnS  and  'Zn¬ 
Se  are  just  between  that  of  incident  medium  and 
MCT. 
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On  the  wo!  k  mechanism  of  MIM  point  contact  diode 

N.loli,  A.Moretti.  D.Pereira*,  M.Prevedelli,  F.Strumia  and  G.Carelli 
Department  of  Physics,  University  of  Pisa-Italy 
and  M.lnguscio,  University  of  Napoli-ltaly 


INTRODUCTION 

Many  theoretical  and  experimental  st  idies  have  been  reported 
(1,2)  on  the  metal-insulator-metal  (MIM)  point  contact  diode  as  a 
device  to  measure  infrared  optical  frequencies. 

Electron  tunnelling  is  the  most  widely  accepted  explanation  for  the 
extremely  broadband  response  of  MIM  diodes.  However,  there  is 
evidence  for  at  least  one  more  phenomenon,  slower  and  possibly 
of  thermal  origin,  occurring  in  the  diode  (3);  this  effect  could  be 
responsible  of  a  masking  effect  particularly  important  near  visible 
frequencies  (2),  where  the  absorption  of  the  metals  becomes 
greater,  and  tentatively  contributes  to  opposite  polarity  video 
detection  at  visible  wavelengths  (4). 

Purpose  of  the  present  work  was  to  perform  a  systematic 
investigation  on  a  W-Ni  MIM  point  contact  diode  at  different  IR 
and  FIR  wavelengths  .Results  will  be  discussed  which  yield  the 
determination  of  a  cutoff  for  the  slow  mechanism  and  clearly 
demonstrate  the  suggested  thermal  origin  of  the  effect. 

EXPERIMENTAL 

The  sources  used  in  the  experiments  were:  waveguide  C02  lasers, 
optically  pumped  far  infrared  lasers  (5), covering  the  40-3000  pm 
region,  and  a  microwave  sweeper  in  the  range  0-18  GHz. 

The  diodes  under  investigation  were  W-NiO-Ni  point  contact 
type.  The  base  was  a  polished  Ni  surface.  The  whisker  was 
produced  by  electrically  etching  a  25  pm  diameter  tungsten  wire. 
The  resistance  could  be  adjusted  mechanically  from  a  few  ten  to 
several  thousand  ohms. 


RESULTS 

Most  of  the  measurements  were  performed  on  the  beat  note  from 
the  heterodyning  of  two  or  more  sources.  In  particular  the  signal 
to  noise  ratio  dependence  on  the  diode  impedance  was 
investigated.  In  fig.l  the  results  for  a  second  order  mixing 
measurement  are  shown,  vL1  and  vL2  were  both 

from  a  CH3OH  laser  at  1 19  mm.  One  of  them  was  frequency 
shifted  by  Stark  effect  and  a  beat  note  at  17  MHz  could  be 
observed  on  a  spectrum  analyzer. 

A  general  feature  of  the  measurement  is  the  signal  to  noise  ratio 
maximum  between  300  and  400  £2  with  a  gradual  decrease  at 
higher  resistance  and  a  rapid  one  at  lower  resistances.  This  is 
similar  to  the  behaviour  observed  in  (3)  for  3rd  or  higher  order 
measurements,  implying  fast  response  of  the  diode. 


The  same  2»d  order  measurement,  but  performed  at  10  pm  using 
two  C02  lasers  exhibits  the  different  behaviour  shown  in  fig.  1 .  in 
agreement  with  the  results  of  (2).  In  contrast  with  the 
measurement  at  119  pm  and  with  3rd  0r  higher  order 
measurements  with  high  frequency  mixing  (>lTHz),  the  response 
curve  in  this  case  exhibited  an  increase  of  the  beat  note  signal  to 
noise  ratio  at  lower  resistances.  The  behaviour  was  the  same 
when  the  frequency  separation  of  the  two  C02  laser  lines  was 
increased  from  30  to  250  MHz. 

This  suggested  that  the  second  mechanism  of  operation  of  the 
diode,  causing  the  response  maximum  to  be  at  lower  resistances, 
although  "slow",  had  a  cut  off  frequency  higher  than,  at  least,  250 
MHz.  On  the  other  hand,  this  second  mechanism  does  not  show 
up  for  measurements  implying  a  cut  off  higher  than  1  THz,  so  we 
decided  to  carefully  investigate  its  frequency  cut  off. 

At  this  purpose,  since  the  tuning  of  the  C02  lasers  could  not  be 
increased  significantly,  we  performed  measurements  heterodyning 
two  C02  lasers  oscillating  on  the  same  line  and  a  microwave 
scurce.We  studied  the  low-resistance  effect  as  a  function  of  the 
microwave  frequency  measuring  the  3rd  order 

Tiii  results  are  illustrated  in  fig.2.  At  the  lower  value  of  the 
frequency  the  behaviour  is  pretty  similar  to  that  using  only  two 
COj  lasers.  However  the  low  resistance  effect  gradually  decreases 
increasing  the  frequency  and  at  3.5  GHz  the  response  curve  is 
again  similar  to  that  of  1 19  pm  and  to  those  for  very  fast  response 
(2).  For  a  better  determination  of  the  cut  off  value  we  made 
measurements  at  fixed  resistance  and  changing  the  microwave 

frequency.  In  fig.3  it  is  evident  that  the  signal  at  75  £2  has  a 
dramatic  cut  off  between  3  and  4  GHz.  On  the  contrary  at  350  £2, 
when  the  diode  is  on  its  maximum  response  for  the  "fast" 
mechanism,  we  have  no  evidence  of  cut  off,  at  least  in  the  range 
explored. 
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FIG.2  -  Signal  to  noise  ratio  vs  diode  impedance  for  two 
CO2  lasers  plus  microwave 

It  is  suggestive  to  analyze  the  situation  from  the  point  of  view  of 
heating  and  cooling  of  the  system  under  the  effect  of  irradiadon. 
When  the  radiation  is  focused  on  the  contact,  both  the  metals 
involved  (W  and  Ni)  are  heated  and  their  temperature  increases 
depending  on  the  amount  of  energy  absorbed.There  are  two 


223 


W3.10 


mechani. ..  .  zed:  the  absorption  of  r:..:i.;tion  from  the  metal 

and  the  current  tlow  through  the  junction  w  ..ose  effect  coul!  take 
to  a  change  in  the  ohmic  resistance  due  to  the  thermal  expansion 
and  a  variation  of  the  electronic  temperature  and  hence  of  the 
tunnel'.'  /  current 

If  thi  v  -  .re  the  case,  a  "thermal  detection"  mechanism  could  really 
arise,  with  a  response  bandwidth  determined  by  the  thermal 
relaxation  processes, .and  the  signal  shouldn't  be  affected  by  the 
microwaves,  which  absorption  is  negligible. 

It  is  reasonable  to  assume  two  different  thermal  relaxation  times 
for  the  whisker  and  the  base,  the  one  for  the  latter  being  much 
faster. We  can  think  the  whisker  to  be  a  long  wire  with  the  ending 
at  fixed  temperature;  solving  the  classical  heat  equation  for  a  long 
rod  (1cm  long,25  urn  diameter  )  it  results  a  typical  time  of  27 
msec. 

We  assume  the  base  to  be  a  semi-infinite  slab  with  a  sui:..ce 
reflecuvity  R,  a  thermal  diffusivity  k  and  an  absoiption  coefficient 

for  unit  length  a  .Supposing  a  temporally  square  laser  irradiance 
with  a  uniform  spatial  distribution,  the  typical  time  of  the  system 
is,  according  to  (6),  t=(*a2)-1;  for  X=10.6  pm  t=0.32  nsec;  if  we 
consider  the  temperature  decrease,  the  -3dB  point  is  about  3.5 
GHz 

This  values  are  fairly  consistent  with  the  data  shown  in  fig.2  and 
3.  It  is  worth  noting  that,  should  this  be  the  explanation  of  the  cut 
off  of  the  "low  speed"  mechanism,  the  value  would  depend  on  the 
wavelength  of  the  radiation,  provided  that  it  is  absorbed  by  the 
metals.  In  particular  these  data  could  also  be  related  to  the 
measurements  performed  in  (4)  with  visible  laser  sources. 

We  performed  measurements  at  different  wavelengths  in  the  range 
where  metals  change  their  reflectivity  as  suggested  from  the 
measurements  in  fig.l,  with  the  effect  present  at  10  urn  and 
absent  at  1 19  pm. 

The  transition  between  the  two  behaviours  occurs  at  wavelengths 
oetween  30  and  50  urn.  In  fig.4  it  is  reported  the  behaviour  at 
4 1.6  pm  which  in  fact  is  somewhat  intermediate  between  the  two 
extreme  cases. 

The  temperature's  rise  is  proportional  to  (1-R)  and  for  Ni  we 


have,  from  (7):  X  (pm)  1-R  (102) 

10  2.47 

20  1.60 

50  0.95 

100  0.75 

200  0.58 


So  the  heating  is  negligible  at  long  wavelength.  If  the  system  were 
sensible  enough  to  reveal  such  effect  for  long  wavelength,  it 

should  be  seen  again  a  cutoff  but  at  lower  frequencies  (v=Jk  cfl). 
The  temperature  reached  by  the  base,  irradiated  by  a  CW  C02 

laser  of  lOmW/mntfof  power  focused  on  the  base  at  5  a,  is  about 
800  C.  As  the  M1M  diode  is  a  non-linear  device  it  was  impossible 
to  measure  the  impedance  lowering  with  laser  on  and  off. 

On  the  contrary  it's  possible  to  estimate  the  temperature  effect  on 
the  current  flow  J(T)  through  the  junction  (8).  Assuming 
T=Tq+ATl,  where  T0  is  the  metal  temperature  and  AT^  the 

temperature  increase  due  to  the  current  at  the  laser  beat  frequency, 
the  quadratic  term  of  J,  sensitive  to  impedance,  gives  a  significant 
contribution  just  in  the  case  of  "high"  temperature  of  the  Ni  bulk, 
roughly  estimate  about  800K  while  ATL=150K.] 
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FIG.3  -  Signal  to  noise  ratio  vs,  microwave  frequency 


When  v.  e  consider  •lie  r  and  the  microwave  at  frequency  co^ , 
the  correction  have  to '  ompared  with  the  3rd  order  tunnelling, 
responsible  of  the  term  .  frequency  GytAwL.  The  temperatuie  ■* 

the  junction  in  tins  is  T=T0+ATL+AT^.  Neglecting  the  faster 

terms,  the  part  in  T2  will  have  a  significant  term  proportional  to 
cos(2©Jl±A©L)sgn(eV),  where  V  is  the  potential  difference 
between  the  metals;  for  leVMT  and  IV^tjU  IVAcoL(t)l  it  results 

sgn(eV)=o>ti  and  so  the  complete  correction  will  be  proportional 
to: 

AC^oXATh*  AT  ^cosCOj+Aa^  or  A(<|>0)(ATn*ATL)cos(3m(+ACD1) 
where  A (d>)  is  a  function  of  the  equilibrium  chemical  potential  of 

the  two  metals  <t> ,  and  is  much  smaller  than  in  the  previous  case, 
but  the  same  is  for  tunnelling  efficiency. 

In  all  these  cases  the  effect  is  worth  noting  at  low  impedance 
because 

1) the  dissipated  power  is  greater  when  the  antenna  coupling  is 
optimum  (for  the  microwaves  at  low  impedance  50  £2) 

2)  supposing  V  constant  in  the  diode  mechanism  the  dissipated 
power  P=v2/R  is  greater  for  1/R  smaller  and  the  superposition  of 
the  thermal  and  tunnelling  effects  results  the  shape  of  fig.3. 


DIO  O  E  IMPEDANCE  {Q  ) 


FIG.4  -  Signal  to  noise  ratio  vs.  diode  impedance  for 
different  wavelengths. 
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INTRODUCTION 

The  results  of  scaling  studies  for  the  next  generation  of  lin¬ 
ear  electron-positron  colliders  have  demonstrated  a  need  for 
high  pulse  power,  high  efficiency,  high  gain  microwave  (8-30 
GHz)  amplifiers.1  As  part  of  our  investigation  into  the  suit¬ 
ability  of  gyrotron  amplifiers  for  this  application,  we  are  con¬ 
structing  an  X-band  gyroklystron  which  is  predicted  to  achieve 
a  peak  power  of  30-50  MW.2  A  schematic  of  the  major  subsys¬ 
tems  of  the  initial  two-cavity  gyroklystron  is  shown  in  Fig.  1. 
The  modulator  supplies  a  500  kV,  200  A,  1.5  fis  pulse  with  an 
intermediate  voltage  to  a  double-anode  Magnetron  Injection 
Gun  (MIG).  The  MIG  generates  a  rotating  beam  which  passes 
through  the  circuit  after  being  adiabatically  compressed.  The 
beam’s  phase-space  distribution  is  modulated  by  a  microwave 
signal  which  is  injected  into  the  first  cavity.  Energy  is  extracted 
axially  through  a  coupling  aperture  in  the  second  cavity  and 
travels  through  a  nonlinear  waveguide  to  a  half-wavelength  out¬ 
put  window.  The  beam  expands  in  the  decreasing  magnetic 
field  and  impinges  on  a  35  cm  section  of  the  output  waveg¬ 
uide.  A  directional  coupler  and  water  calorimeter  (not  shown) 
measure  the  peak  and  average  microwave  power.  The  nomi¬ 
nal  parameters  of  this  configuration  are  listed  in  Table  I  and 
details  of  these  subsystems  are  discussed  below. 

ELECTRON  BEAM  GENERATION 

The  500  kV  voltage  pulse  is  generated  by  a  line-type  mod¬ 
ulator,  which  is  similar  in  design  to  those  used  by  the  SLAC 
klystrons.3  Four  pulse-forming  networks  (PFNs)  in  parallel  are 
resonantly  charged  on  command  to  46  kV  and  are  switched 
through  two  thyratrons  into  a  1:22  pulse  transformer  which 
provides  the  required  potential. 

The  electron  gun  is  in  the  double  anode  MIG  configura¬ 
tion.  4  Key  dimensions  of  the  gun  design  are  fisted  in  Table 
II  and  the  simulated  beam  properties  at  160  A  are  listed  in 
Table  I.  The  peak  electric  field  at  the  cathode  tip  is  less  than 
90  kV/cm.  The  stated  cathode  loading  is  40  percent  of  the 
space  charge  limiting  current.  The  axial  velocity  spread  re¬ 
mains  below  An*  =  10%  for  a  current  range  from  120  A  to  240 
A.  The  gun  has  been  constructed  by  Varian  Associates  and  has 
passed  its  acceptance  test.  A  1  /ts,  500  kV  pulse  was  applied 
to  the  MIG  when  the  cathode  was  cold.  The  voltage  pulse 
and  charging  current  are  shown  in  Fig.  2.  Without  the  axial 
magnetic  field,  a  143  kV  pulse  was  applied  with  the  cathode 
hot  (~  950°C)  and  the  control  anode  grounded.  The  resulting 
120  A  pulse  represents  a  current  density  of  4.2  A/cm2  and  is 
shown  in  Fig.  3.  The  current  was  limited  by  the  impedance  of 
the  modulator.  Preparations  are  being  made  to  draw  the  full 
power  beam. 

MICROWAVE  CIRCUIT 

The  low  Q  of  the  input  cavity  is  realized  by  two  thin, 
carbon-impregnated  dielectric  annuli  located  on  either  cavity 

*Work  supported  by  U.S.  Department  of  Energy, 
t  Physical  Sciences,  Inc.,  Alexandria,  VA. 


end  at  the  outer  radius.  We  have  shown  both  experimentally 
and  analytically  that  we  can  achieve  the  required  frequency 
and  Q  with  such  absorbers.  The  input  power  is  supplied  by  a 
3/iS,  100  kW  magnetron  and  is  injected  into  the  cavity  through 
a  single  aperture  on  the  outer  wall  (r  =  constant)  of  the  cavity. 

Because  of  constraints  on  beam  power,  the  drift  tubes  are 
not  cutoff  to  the  TEn,  TE21  and  TM01  modes  at  10  GHz. 
Theoretical  calculations5  indicated  that  metal  drift  tubes  will 
produce  spurious  oscillations  with  these  modes,  so  a  drift  tube 
consisting  of  alternate  washers  of  metal  and  lossy  dielectric 
is  being  considered.  Again,  both  experimental  and  analytic 
results  indicate  the  viability  of  this  technique.  Our  first  tube 
will  utilize  six  rings  of  magnesia  with  a  1%  concentration  of 
silicon  carbide.  The  dielectric  rings  are  22%  wider  than  the 
alternating  metal  rings  find  have  a  depth  of  1.6  cm.  The  drift 
tube  provides  117  dB  isolation  for  the  TE0i  mode  and  more 
than  16  dB  isolation  for  the  uncutoff  modes  at  10  GHz. 

The  output  cavity  Q  is  essentially  diffractive  and  is  suffi¬ 
ciently  larger  than  the  minimum  Q  so  that  a  simple  coupling 
iris  can  be  used  for  the  endfire  system.  Cold  testing  has  con¬ 
firmed  both  the  frequency  and  Q  predicted  by  an  analytic  mode 
expansion  code  for  a  variety  of  configurations. 

The  vacuum  vessel  between  the  output  cavity  and  the  out¬ 
put  window  doubles  as  the  microwave  and  beam  transport  sys¬ 
tem.  A  nonlinear  taper  brings  the  waveguide  radius  from  2.60 
cm  to  the  beam  dump  radius  of  3.57  cm  in  19.5  cm.  The 
smaller  radius  can  support  only  the  lowest  circular  electric 
mode  (TE01)  at  10  GHz  while  the  larger  radius  can  support 
the  lowest  two  circular  modes.  To  minimize  mode  conversion, 
a  raised  cosine  radius  is  used.  An  approximate  analytic  solu¬ 
tion  predicts  the  mode  conversion  to  be  less  than  1.1  x  104 
percent  in  power. 

Computer  simulations  of  the  beam  with  and  without  mi¬ 
crowave  interaction  show  that  the  beam  is  dumped  fairly  uni¬ 
formly  by  the  decaying  magnetic  field  over  a  35  cm  distance 
in  the  beam  dump.  This  keeps  the  instantaneous  temperature 
rise  below  20°  and  the  average  temperature  rise  sufficiently  low 
to  allow  modest  water  cooling.  A  dumping  magnet  prevents 
the  few  high  energy  electrons  from  reaching  the  output  win¬ 
dow.  The  vacuum  port  consists  of  a  stainless  steel  tube  with 
150  holes  distributed  uniformly  in  angle  and  axial  position  to 
provide  sufficient  conductance  with  minimal  microwave  inter¬ 
ference. 

A  second  nonlinear  taper  is  used  after  the  beam  dump  to 
bring  the  radius  to  6.35  cm.  At  that  radius,  four  circular  elec¬ 
tric  modes  can  propagate,  but  the  ideal  mode  conversion  to  all 
other  modes  is  still  less  than  0.002  percent  in  power.  A  half 
wavelength  BeO  window,  brazed  to  a  stainless  steel  flange  via 
a  Kovar  ring,  provides  the  vacuum-to-air  interface. 

DIAGNOSTICS 

There  will  be  several  standard  external  current  transform¬ 
ers  in  conjunction  with  current  breaks  to  measure  the  instan¬ 
taneous  beam  current  at  several  locations  along  the  system. 
Capacitive  probes,  which  consist  of  four  90°  sections  and  a  sap¬ 
phire  insulator,  will  be  used  at  several  locations  in  an  initial 
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beam  test  to  measure  total  beam  density  and  relative  loca¬ 
tion.  The  two  diagnostics  jointly  will  give  and  estimate  of  the 
average  axial  velocity  and  (along  with  the  beam  voltage)  will 
provide  information  about  the  average  velocity  ratio. 

The  microwave  diagnostics  consist  of  both  peak  and  average 
power  measurements.  The  peak  power  measurement  involves  a 
mode  selective  directional  coupler  combined  with  a  crystal  de¬ 
tector.  Because  the  circular  guide  is  highly  overmoded  and  the 
rectangular  guide  is  not,  the  phase  velocity  of  the  two  waves 
cannot  be  the  same  and  two  sets  of  coupling  holes  are  required. 
The  50  dB,  TEJJ,  TE°0  coupler  is  designed  to  maximize  TE§i 
directivity  (-83  dB)  and  minimize  TEj,  coupling  (-75  dB).  The 
detector  will  provide  the  signal  envelope  and,  with  proper  cali¬ 
bration,  and  estimate  of  the  peak  power.  A  non-resonant  water 
calorimeter  will  provide  the  average  power  measurement  and  a 
check  of  the  peak  power  measurement.  Water  is  circulated  be¬ 
tween  two  19.5  cm  long  stycast  cones  to  maximize  sensitivity. 
The  thickness  is  adjusted  to  guarantee  a  minimum  attenuation 
of  28  d3. 
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Table  1. 

The  Two  Cavity  Gyroklystron  Parameters. 


Beam 

Power  Po 

80  MW 

Voltage  Vo 

500  kV 

Velocity  ratio  v±/vz 

1.5 

Velocity  spread  At>* 

7.0% 

Larmor  radius  ri 

0.43  cm 

Center  radius  r. 

0.79  cm 

Guiding  spread  A rs 

0.20  cm 

Axial  field  B0 

0.565  T 

Circuit 

Mode  (both  cavities) 

TEou 

Peak  Efficiency 

33% 

Gain 

27  dB 

Input  Cavity 

Radius 

4.50  cm 

Length 

1.53  cm 

Q 

225 

Injected  Power 

50  kW 

Drift  Tube 

Radius 

1.50  cm 

Length 

9.00  cm 

Output  Cavity 

Radius 

2.11  cm 

Length 

2.38  cm 

Q 

165 

Aperture 

Radius 

1.50  cm 

Length 

0.33  cm 

Output  Guide 

Radius 

2.60  cm 

Table  2. 

80  MW  MIG  Electrode  Specifications. 


Cathode  Radius  rc 

0.0228  m 

Emitter  Strip  Width  £, 

0.020  m 

Cathode-Control  Anode  Gap  dac 

0.0613  m 

Cathode  Half  Angle  <j>c 

O 

O 

<N 

Compression  Ratio  fm 

12 

Control  Anode  Voltage  Va 

143  kV 

Emission  Current  Density  Jc  (Uniform) 

5.61  A/cm4 

GYROKLYSTRON  schematic 


GUN  COIL 


CIRCUIT  COILS 


SIGNAL 


Figure  1. 

The  University  of  Maryland  30  MW  Gyroklystron. 


Figure  2. 

A  typical  modulator  pulse.  The  upper  trace  shows  the 
voltage  pulse  with  100  kV/div.  The  lower  trace  shows  the 
charging  current  with  50  A/div.  The  sweep  rate  is  1  /is/div. 


Figure  3. 

The  current  pulse.  The  upper  trace  shows  the  voltage  pulse 
in  50  kV/div  and  the  lower  trace  shows  the  current  pulse  in 
50  A/div.  The  sweep  rate  is  500  ns/div. 


226 


W4.3 


Mode  Interaction  in  a  Primed  Gyrotron 

A.  H.  McCurdy*  and  C.  M.  Armstrong 

Electronics  Science  and  Technology  Division,  Code  6840 
Naval  Research  Laboratory,  Washington,  D.C.  20375-5000 


ABSTRACT 

Multi-mode  operation  in  an  overmoded  gyrotron  experiment  is' 
compared  with  the  predictions  of  a  quasi-linear  theory.  The  different 
regimes  of  strong  and  weak  coupling  of  the  TEj  1 1  mode  to  other 

modes  are  determined.  The  effects  of  transit  time  broadening  and 
beam  perpendicular  energy  change  on  mode  competition  is 
investigated.  The  start-up  of  oscillation  is  studied  in  both  primed  and 
unprimed  conditions.  Finally  the  theory  is  used  to  predict  the  degree 
of  mode  control  obtained  by  a  driving  signal  of  given  amplitude. 

INTRODUCTION 

It  has  been  experimentally  shown  that  a  priming  (injected 
external)  signal  can  stabilize  an  overmoded  oscillator  under  certain 
conditions.1  Stable,  single-mode  operation  is  important  because  it 
enables  the  gyrotron  to  attain  its  maximum  efficiency. 

The  priming  phenomenon  requires  only  a  small,  (often  on  the 
order  of  100  times  the  noise  power  level),  external  signal  near  the 
frequency  of  the  desired  mode.  The  signal  must  be  present  during  the 
buildup  of  oscillation  and  has  no  effect  during  the  oscillation  steady 
state.  The  method  should  be  applicable  to  all  cases  of  strongly 
coupled  modes,  since  the  primed  mode  has  the  potential  to  suppress 
the  others.  Weakly  coupled  modes  may  not  be  controlled  unless  the 
effective  growth  rates  of  the  competing  modes  can  be  driven  negative. 

EXPERIMENTAL 

A  schematic  of  the  gyrotron  oscillator  is  shown  in  Fig.  1.  The 
oscillator  operated  with  4  ps  pulses  at  22  KeV.  The  operating 
frequency  is  near  5.0  GHz  and  the  power  levels  are  typically  100  W, 
The  cavity  is  a  cylindrical  waveguide  about  10  free  space  wavelengths 
in  length.  The  transverse  dimension  of  the  cavity  is  such  that  only  TE1 1 

modes  can  be  supported.  Power  is  coupled  out  of  the  cavity  by  means 
of  the  probes  in  the  side  walls.  There  are  a  total  of  16  capacitively 
coupled  probes  and  two  inductively  coupled  ones  (see  insert  in  Fig.  1). 

Because  the  cavity  ends  are  closed  and  the  cavity  is  long, 
many  axial  TE  modes  may  be  excited.  The  axial  mode  spacing  is  about 
.5%  of  the  fundamental  resonant  frequency.  The  electron  transit  time 
broadening  is  about  three  times  the  modal  frequency  spacing.  The 
mode  in  which  the  gyrotron  operates  is  determined  in  two  ways.  One  is 


Fig.  1  Configuration  of  the  gyrotron  with  insert  showing  midplane 
probe  geometry. 


via  tunable  bandpass  filters  in  the  gyrotron  output  line.  In  this  way  the 
mode  is  identified  by  relating  the  oscillation  frequency  to  cold  cavity 

resonant  frequencies.  The  other  way  is  to  spatially  resolve  the  electric 
field  profile  of  the  mode  along  the  cavity  axis  using  the  various  probes. 

It  is  found  that  the  intensity  of  mode  competition  is  quite 
sensitive  to  changes  in  the  electron  axial  and  perpendicular  velocity. 
Two  different  effects  can  be  responsible.  One  is  that  the  gain  of  the 
different  modes  depends  on  the  perpendicular  velocity.  The  other  is 
the  dependence  of  electron  transit  time  on  the  axial  velocity.  The 
transit  time  sets  the  gain  bandwidth  of  the  electron  cyclotron  maser 
mechanism.  We  have  measured  the  dependence  of  mode  competition 
on  these  two  sources.  The  mean  axial  electron  velocity  is  measured  by 
using  the  capacitively  coupled  probes  in  an  electrostatic  mode.  The 
perpendicular  velocity  is  changed  by  varying  the  voltage  split  between 
the  mod-anode  and  cathode  of  the  magnetron  injection  gun. 

The  temporal  evolution  of  two  competing  modes  is  studied 
during  the  early  period  of  oscillation  buildup.  The  modes  are  separated 
by  passing  the  gyrotron  output  rf  through  tuned  bandpass  filters.  From 
crystal  diode  traces  ol  the  rl  power  as  a  function  ol  time,  the  mode 
dynamics  can  be  determined. 

The  gyrotron  is  primed  by  launching  an  external  rf  signal 
through  two  adjacent  probes  at  the  cavity  midplane.  The  phase  shift 
between  probes  is  maintained  at  ninety  degrees  so  that  a  pure  right- 
hand  circularly  polarized  wave  is  excited  in  the  gyrotron  cavity.  This 
polarization  has  been  found  to  couple  optimally  to  the  gyrating 
electrons.  The  gyrotron  output  is  monitored  through  another  probe. 
Fig.  2  shows  the  results  of  an  experiment  where  a  TE1 1  ^  mode  is 
primed  from  a  pure  TEi  12  mode.  It  can  be  seen  in  this  case  that  virtually 
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Fig.  2  Degree  of  mode  control  achieved  with  a  given  drive  power. 
Shading  shows  standard  deviation  in  predicted  control. 


pure  mode  operation  can  be  obtained  at  a  drive-to-noise  power  ratio  of 
-1000.  (noise  power  has  been  determined  to  be  -  .3  p.W). 

THEORY 

The  mode  evolution  is  modelled  using  the  quasi-linear  theory 
of  Lamb.2  By  averaging  over  the  radiation  period  and  beam  transit  time, 
the  slowly  evolving  mode  amplitudes  and  phases  can  be  described.  In 
the  case  where  the  modes  are  not  equally  spaced  in  frequency  and  the 
cavity  resonance  widths  are  much  less  than  the  intermode  frequency 
spacing,  the  mode  interaction  can  be  desc  red  in  terms  of  equations 
independent  of  the  phases: 

-^-=  P-!  (i a i  -  Pi  Pi  -  812  P2) 

(D 

dP, 

It  =  P2  (a2  -  p2  P2  •  021  Pl) 


Fig.  3  Mode  evolution  for  competition  between  TE112  (mode  1)  and 
TEfjt  (mode  2). 

preoscillation  noise  amplitude  in  a  gyrotron  varies  from  pulse-to-pulse 
according  to  a  Rayleigh  distribution,  Pr.4  The  fraction  of  missed 

pulses,  (pulses  not  in  the  primed  mode),  can  be  determined  from: 

00  S(x) 

F=  Jdx  Prinv(x)  fdnPD(n) 
x=o  n=o 

where  Pq  is  the  probability  distribution  of  the  amplitude  of  the  driven 

mode4  and  S(x)  is  the  equation  of  the  separatrix  (in  terms  of  amplitude 
rather  than  power).  PR|NV  is  the  probability  of  the  noise  amplitude,  A, 
being  between  x  and  x+dx  where  x=l/A. 

The  line  in  Fig.  2  shows  the  predicted  mean  missed  pulse 
fraction  using  the  experimental  parameters.  The  shaded  region 
indicates  the  area  within  one  standard  deviation  of  the  mean.  It  is  clear 
that  the  experimental  points  all  fall  near  this  region.  We  thus  have 
confidence  that  the  experiment  is  correctly  modelled. 


for  two  modes.  Only  terms  up  to  second  order  in  the  power  have  been 
retained  on  the  right  hand  side  of  the  rate  equations.  The  coefficients 
have  been  approximated  for  the  gyrotron  in  ref  (3).  The  evolution  of 
two  strongly  coupled  modes  using  experimentally  determined 
coefficients  is  shown  in  Fig.  3.  There  are  stable  steady  states  at 
(P^P'^Pj-O)  and  (P1=0,P|a‘).  Because  the  linear  growth 

rates  are  unequal,  the  separatrix  (separating  the  trajectories 
approaching  P33’  and  those  approaching  P|at)  has  the  equation: 

p2  =  c  Pi  a2/ai 

near  the  origin.  Here  the  constant  C  is  a  function  of  all  the  coefficients 
of  Eqs.  1 .  This  constant  is  found  by  solving  Eqs.1  numerically. 

To  model  the  priming  experiment,  the  initial  condition  for 
Eqs.  1  is  modified  to  include  the  external  signal.  Thus  the  primed 
mode  has  an  initial  condition  of  drive  signal  plus  noise  while  the 
unprimed  mode  grows  from  noise  only.  It  has  been  found  that  the 


CONCLUSION 

It  is  found  that  the  quasi-linear  approximation  allows  accurate 
prediction  of  the  different  regimes  of  mode  interaction  and  correctly 
models  the  phenomenon  of  mode  selection  by  an  external  signal.  This 
theory  then  can  be  used  to  evaluate  the  benefits  to  be  obtained  from  a 
priming  signal  in  a  given  multi-mode  oscillator. 
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ABSTRACT 

We  are  studying  the  phase-locking  of  highly  over- 
moded  gyrotrons  using  a  moderate  power  (  ~  50  kW) 
85  GHz  two  cavity  TE,_j  gyroklystron  oscillator.  The 
latest  experimental  and  theoretical  results  will  be 
presented. 

INTRODUCTION 

Phase-locked  gyroklystron  oscillators  offer  many 
advantages  over  conventional  gyrotrons  including  bet¬ 
ter  mode  control  resulting  in  higher  efficiency  opera¬ 
tion,  narrow  band  frequency  tunability  and  the  possi¬ 
bility  of  coherently  combining  many  sources  for  ul¬ 
tra-high  power  applications.  We  are  studying 
phase-locking  of  overmoded  gyrotrons  at  moderate 
power  levels  (-50  kW)  in  an  85  GHz  two  cavity  TE1>S 
gyroklystron  oscillator  configuration  as  shown  in  Fig¬ 
ure  1.  The  key  issues  to  be  addressed  by  the  experi¬ 
ment  are: 

•  Maximization  of  the  phase-locking  bandwidth 

•  Phase  sensitivity  to  beam  parameters 

•  Stray  oscillations  in  the  drift  region 

The  design  parameters  of  the  85  GHz  TEU 
phase-locked  gyroklystron  oscillator  experiment  being 
constructed  at  the  Naval  Research  Laboratory  are 
given  in  Table  I. 


_ Table  I _ 

Phase-Locked  Gyroklystron  Oscillator 
Design  Parameters 


Frequency 

85  GHz 

Operating  Mode 

TEf, 

Beam  Voltage 

70  kV 

Beam  Current 

<  6  Amps 

Output  Cavity  Q 

-2000 

Input  Cavity  Q 

-500 

Isolation 

>45  dB 

Output  Power 

-  50,000  Watts 

Input  Power 

<  500  Watts 

DESIGN  CONSIDERATIONS 

The  principal  issue  to  be  confronted  in  the  design  of 
a  highly  overmoded  phase-locked  gyroklystron  oscilla¬ 
tor  is  the  maximization  of  the  phase-locking  band¬ 
width.  The  major  design  problems  that  must  be  con¬ 
sidered  in  maximizing  the  phase-locking  bandwidth 
are: 

•  Self-oscillation  of  the  input  cavity 


Input  cavity  minimum  length  limitations  due 
to  mode  conversion  at  cavity  tapers 


Input  cavity  minimum  length  limitations  due 
to  cutoff  waveguide  diameter 
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•  Isolation  of  the  input  and  output  cavities  due 
to  mode  conversion  at  cavity  tapers 

•  Coupling  to  the  proper  mode  in  the  input 
cavity 

•  Drift  length  limitation  due  to  beam  spread 

The  design  of  an  experiment  has  been  completed 
which  self-consistently  addresses  all  of  the  design 
constraints  discussed  above. 

EXPERIMENT 

We  are  now  performing  experiments  on  the 
phase-locked  gyroklystron  oscillator  experimental  ap¬ 
paratus  with  the  input  cavity  section  removed.  The 
purpose  of  this  experiment  is  to  observe  the  operation 
of  the  tunable  output  cavity  without  being  concerned 
about  self-oscillation  of  the  input  cavity. 

Three  input  cavity  designs  with  different  cavity 
lengths  and  slot  angles  have  been  fabricated.  The 
cavities  are  being  cold  tested  to  determine  their  exact 
resonance  frequencies  and  cavity  Q’s  and  to  optimize 
the  diameter  of  their  coupling  apertures. 

Upon  completion  of  the  tunable  oscillator  experi¬ 
ment  and  cold  testing  of  the  input  cavities  the 
phase-locked  gyroklystron  oscillator  experiment  will 
be  assembled  and  testing  will  begin. 


CONCLUSIONS 

A  highly  overmoded  phase-locked  gyroklystron 
oscillator  experiment  has  been  designed  and  is  being 
built  at  the  Naval  Research  Laboratory.  A  prelimi¬ 
nary  experiment  is  being  performed  to  investigate  the 
operation  of  the  tunable  output  cavity  without  the 
complications  associated  with  the  input  cavity.  Three 
different  input  cavity  designs  have  been  fabricated  and 
are  being  cold  tested.  Upon  completion  of  the  tunable 
oscillator  experiment  the  phase-locked  gyroklystron 
oscillator  experiment  will  be  assembled  and  tested. 
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ELECTRON  GUN  BEAM  COMPRESSION  REGION  INPUT  CAVITY  OUTPUT  CAVITY 


Figure  1 

The  NRL  85  GHz  TE, , Phase-Locked  Gyroklystron  Oscillator  Experiment 
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ABSTRACT 

Operation  of  linear  supercolliders  at  a  frequency  above  the 
10-17  GHz  range  which  is  usually  considered  would  have  a 
number  of  important  advantages  including  reduced  accelera¬ 
tor  average  power  consumption  (~  w-1),  and  more  compact 
microwave  pulse  compression  circuits.  Frequency  scaling  of 
gyroklystrons  is  especially  advantageous  since  peak  power  rat¬ 
ing  of  these  tubes  scales  as  a)-1,  while  peak  power  per  feed 
required  by  the  accelerator  scales  as  w-2.  Gyroklystron  ampli¬ 
fiers  which  would  be  suitable  for  driving  linear  supercolliders 
at  30  GHz  are  being  designed. 

INTRODUCTION 

Microwave  power  tube  requirements  for  future  rf  linear  super¬ 
colliders  depends  critically  on  the  rf  frequency.  A  fair  compar¬ 
ison  of  design  options  at  different  frequencies  may  be  arrived 
at  by  specifying  that  the  accelerating  gradient  and  the  lumi¬ 
nosity  be  held  fixed.1  Then,  if  one  assumes  that  the  number  of 
particles  per  bunch  and  the  group  velocity  of  the  microwaves  in 
the  accelerating  structure  are  also  independent  of  rf  frequency, 
the  following  frequency  scaling  of  the  accelerator  parameters 


may  be  deduced2: 

peak  power  per  feed,  Pf  ~  w-2  (1) 

filling  time,  Tf,u  ~  w-3/2  (2) 

number  of  feeds,  Nf  ~  w3^2  (3) 

rf  pulse  repetition  frequency,  fr  ~  w  (4) 

The  average  rf  power  required  to  drive  the  accelerator  is 

Pav  =  P,  Tjui  Nj  fr  (5) 

and  using  the  proportionalities  in  Eqs.  (1)  -  (4),  it  is  seen  that 
Pav  ~  W1  (g) 


Thus,  considerations  of  accelerator  average  power,  consump¬ 
tion,  favour  going  to  a  higher  rf  frequency  with  ~  30  GHz 
being  the  upper  limit  imposed  by  wake  field  effects  in  the  ac¬ 
celerator  and  by  manufacturing  considerations. 

MICROWAVE  TUBE  REQUIREMENTS 
Accelerator  rf  parameters  have  been  calculated  at  an  rf  fre¬ 
quency  of  18.62  GHz  for  an  accelerating  gradient  of  83  MV/m 
corresponding  to  a  length  of  6  km  for  a  0.5  TeV  accelerator  or 
12  km  for  a  0.5  TeV  on  0.5  TeV  e“e+  collider.1  In  Table  I,  these 
accelerator  parameters  are  displayed  together  with  parame¬ 
ters  at  frequencies  of  10  GHz  and  30  GHz  which  have  been 
obtained  by  scaling  according  to  the  relationships  in  equs.  (1) 
-  (6)- 

To  relate  the  accelerator  parameters  to  required  microwave 
tube  specifications,  one  needs  to  specify  both  the  number  of 
accelerator  feeds  which  will  be  driven  by  a  single  tube  and 
the  characteristics  of  any  rf  pulse  compression  circuit  which 
will  be  used  between  each  tube  and  the  accelerator.  Assuming 
four  feeds  per  tube,  and  8x  pulse  compressing  with  90%  com¬ 
pression  efficiency,  specifications  of  microwave  tubes  required 
at  various  frequencies  have  been  calculated  and  are  displayed 


in  Table  II. 

Table  I.  Accelerator  Parameters  at  Various  RF  Frequencies 
(Accelerating  gradient  83  MV/m,  luminosity 
1033  cm-2  sec-1,  4.2xl09  particles  per  bunch,  10 
bunches  per  rf  pulse,  Pav  calculated  for  2x0.5  TeV) 


10  GHz 

18.62  GHz 

30  GHz 

Pf  (~w-2) 

Tmi  (~  tu-3/2) 

Nf  (~  w3'2) 
fr  (~  w) 
Pav(~w-1) 

361  MW 
153  ns 
2467 

81  Hz 
186  MW 

104  MW 
61  ns 
5454 

150  Hz 
100  MW 

56  MW 
30  ns 
11,142 
242  Hz 
62  MW 

Table  II.  Microwave  Tube  Parameters 


10  GHz 

18.62  GHz 

30  GHz 

Pp 

T 

PRF 

No.  of  Tubes 

200  MW 
1.23  ps 
81  Hz 
617 

58  MW 
0.49  ps 
150  Hz 
1364 

31  MW 
0.24  ps 
242  Hz 
2785 

There  is,  of  course,  interest  in  making  the  collider  as  short 
as  possible  which  for  a  fixed  final  energy  requires  increasing 
the  accelerating  gradient,  E».  However,  it  should  be  noted 
that  peak  power  per  feed  depends  on  E»  as 

Pf  ~  E2A2  (7) 

Thus,  halving  the  length  of  a  collider  would  increase  the  peak 
power  per  feed  by  a  factor  of  4.  Extrapolating  from  Table  II, 
it  is  seen  that  to  achieve  a  0.5  TeV  on  0.5TeV  e-e+  collider 
with  an  overall  length  of  6  km  would  require  10  GHz  tubes 
with  peak  power  of  800  MW  or  30  GHz  tubes  with  peak  power 
of  124  MW. 

Several  development  programs  are  underway  on  amplifiers 
in  the  7-10  GHz  frequency  band  (nominally  in  X-band),  and 
with  pulse  duration  near  1  ps.  At  SLAC,  a  “conventional” 
klystron  at  8.6  GHz  has  produced  peak  output  power  of  24 
MW  with  43%  efficiency;  the  tube  voltage  was  340  kV.  The 
SLAC  program  plans  to  proceed  to  development  of  a  100  MW 
X-band  klystron  at  higher  voltage;  100  MW  was  estimated  to 
be  the  limit  possible  in  a  klystron  with  a  1  ps  pulse  width.'1 

A  second  type  of  microwave  amplifier,  the  gyrocon  or  rotat¬ 
ing  beam  amplifier5,  is  being  developed  at  the  Institute  of  Nu¬ 
clear  Physics  (INP)  in  Norosibirsk.  It  was  recently  reported6 
that  a  7  GHz  gyrocon  is  producing  an  output  power  of  60  MW 
with  25%  efficiency;  tube  voltage  was  at  the  uncomfortably 
high  level  of  1.2  MV.  Future  development  efforts  will  attempt 
to  develop  a  gyrocon  with  similar  peak  power  but  with  an 
operating  frequency  of  14  GHz. 

Yet  a  third  approach  is  the  gyroklystron  amplifier  under 
development  at  the  University  of  Maryland.  This  amplifier  is 
expected  to  produce  30-50  MW  of  peak  output  power  at  10 
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GHz  with  tube  voltage  of  500  kV.  A  design  concept  for  an 
X-band  gyroklystron  operating  at  a  peak  power  of  180  MW 
with  a  tube  voltage  of  800  kV  has  also  been  presented® 

It  appears  that  in  all  of  these  approaches,  difficulty  will  be 
encountered  in  producing  the  levels  of  peak  power  specified  in 
the  first  column  of  Table  II  for  operation  in  X-band. 

SCALING  LAWS  FOR  GYROKLYSTRONS 
Gyroklystrons  employ  magnetron  injection  guns  (MIGs)  as 
their  source  of  electrons.  The  scaling  of  the  power  of  electron 
beams  produced  by  MIGs  will  thus  determine  the  microwave 
power  level  produced  by  the  gyroklystron  assuming  that  cir¬ 
cuits  can  be  designed  which  are  equally  effective  in  correcting 
beam  energy  to  microwave  energy. 

An  approximate  set  of  analytic  equations  describing  elec¬ 
tron  motion  in  a  MIG9  can  be  used  to  describe  the  scaling 
of  electron  beam  power,  Pb,  with  variation  in  salient  beam 
parameters.  A  useful  approximate  relationship  is  given  by 

Pb~(S)EcW"‘V“[1  +  (1  +  S)  ]  (8) 

where  the  subscript  0  denotes  quantities  in  the  gyroklystron 
circuit  region,  and  rgo  is  the  electron  beam  guiding  radius,  tlo 
is  the  Larmor  radius,  eV0  is  the  electron  energy,  and  Ec  is  the 
electric  field  at  the  cathode. 

In  writing  eq.  (8),  it  is  assumed  that  Vo,  w,  Ec  and 
(rgo/rLo)  are  independent  quantities.  Also,  the  following  quan¬ 
tities  are  assumed  to  hold  constant:  (1)  the  ratio  of  perpen¬ 
dicular  to  parallel  velocity  (v±0/v20);  (2)  the  cathode  slant 
angle;  (3)  the  spread  in  guiding  center  radius  normalized  to 
rL0;  (4)  the  cathode  current  density  normalized  to  the  space 
charge  limited  current  density;  and,  (5)  the  spacing  between 
the  cathode  and  final  anode  normalized  to  the  Larmor  radius 
at  the  cathode. 

A  MIG  has  been  designed®  for  a  10  GHz  gyroklystron  that 
would  operate  with  a  peak  output  power  of  180  MW.  Com¬ 
pared  with  the  40  MW  gyrotron  currently  under  development, 
the  higher  design  value  of  output  power  was  achieved  by  in¬ 
creasing  tube  voltage  from  500  kV  to  800  kV  and  by  doubling 
the  guiding  center  radius  (see  eq.  (8)).  It  was  proposed  that 
a  TEoi  co-axial  circuit  be  used  in  place  of  the  TE0i  hollow 
cylindrical  circuit  to  accommodate  the  larger  electron  beam 
while  avoiding  aggravation  of  the  problem  of  spurious  modes. 
The  parameters  of  the  two  10  GHz  gyroklystron  designs  are 
compared  in  Table  III. 

Also  in  Table  III,  we  present  parameters  for  500  kV  and 
800  kV  gyroklystrons  scaled  to  operating  frequency  of  30  GHz. 
The  beam  power  has  been  scaled  according  to  the  frequency 
Table  III.  Estimated  Gyroklystron  Performance.  (Efficiency 
has  been  calculated  as  45%  for  the  gyroklystron  with 
the  500  kV,  80  MW  beam,  and  is  assumed  to  be  at 
the  same  value  for  the  other  designs.  Pb  is  electron 
beam  power.  Pp  is  microwave  output  power.) 


10  GHz 

30  GHz 

Voltage,  V0 

500  kV 

800  kV 

500  kV 

800  kV 

Pb 

80-100  MW 

400  MW 

30  MW 

133  MW 

Efficiency 

45% 

45% 

45% 

45% 

pP 

36-45  MW 

180  MW 

13  MW 

60  MW 

Mode 

TES, 

TE® 

TES, 

TE®, 

dependent  in  eq.  (8).  Note  especially  that  for  a  frequency  of  30 
GHz  and  a  tube  voltage  of  800  kV,  the  achievable  peak  output 
power  is  estimated  to  be  60  MW,  about  twice  as  large  as  the 
requirement  listed  in  Table  II  for  achieving  an  accelerating 
gradient  of  83  MV/m.  This  added  factor  of  2  would  be  used  to 
increase  the  accelerating  gradient  to  117  MV/m  and  decrease 
the  number  of  tubes  required  from  2785  to  1975.  Alternatively, 
one  would  keep  the  accelerating  gradient  at  83  MV/m  and  use 
one  30  GHz,  60  MW  to  drive  eight  ports  which  would  reduce 
the  number  of  tubes  required  to  1393. 

SUMMARY 

The  peak  power  per  feed  in  a  linear  collider  scales  inversely  as 
frequency  squared;  i.e.,  Pf  ~  w-2.  On  the  other  hand,  while 
the  peak  power  capability  of  gryoklystrons  scales  inversely  as 
the  first  power  of  frequency;  i.e.,  Pp  ~  w-1.  Thus,  if  gy- 
roklystrons'are  used  to  drive  a  linear  collider  the  number  of 
feeds  driven  by  a  single  tube,  nft  will  scale  as  nft  ~  ~  a;  and 

the  number  of  gyroklystron  tubes,  Nt,  required  for  a  collider  of 
given  final  energy  will  scale  as  Nt  ~  j-jj-  ~  w1/2.  This  relatively 
modest  increase  in  the  number  of  tubes  (and  in  the  capital 
costs)  as  rf  frequency  is  increased  may  well  be  an  acceptable 
trade-off  to  gain  the  lower  value  of  average  power  consumption 
which  scales  as  or1. 

Because  of  the  considerations  above,  the  University  of  Mary¬ 
land  is  beginning  to  conduct  detailed  design  studies  of  gy¬ 
roklystrons  at  30  GHz  in  the  K»-band  pointing  to  a  a  possible 
follow-on  to  their  10  GHz  gyroklystron  development.  It  has 
also  been  pointed  out  that  the  choice  of  30  GHz  may  have 
other  advantages;  for  example,  pulse  compression  circuitry 
will  be  more  compact  at  the  higher  rf  frequency.10  Finally, 
we  note  that  short  pulse,  Ks-band,  gyrotron  oscillators  have 
recently  been  operated  with  output  power  of  100  MW  for  a 
tube  voltage  of  600  kV  and  200  MW  for  a  tube  voltage  of  1.2 
MV;  these  results  give  encouragement  that  one  can  success¬ 
fully  develop  gyrotron  amplifiers  (gyroklystrons)  with  similar 
output  power. 
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ABSTRACT 

The  effects  of  AC  space  charge  fields  are  included  in  the 
analysis  of  moderately  relativistic  gyrotrons.  We  adopt  the 
slow  time  scale  formalism  developed  by  Antonsen,  Manheimer 
and  Levush  [1]  to  describe  the  transverse  self-fields  while  the 
electromagnetic  fields  are  given  by  the  cold  cavity  modes.  Us¬ 
ing  a  partially  self  consistent  numerical  code  [2],  simulations  of 
multi-cavity  gyroklystron  amplifiers  were  performed.  Prelimi¬ 
nary  studies  indicate  that  there  is  an  increase  in  both  gain  and 
efficiency. 

We  believe  that  this  increase  in  efficiency  can  be  attributed 
to  the  relative  weakness  of  the  AC  space  charge  field  compared 
to  the  electromagnetic  field:  in  high  voltage,  high  current  de¬ 
vices  the  interaction  length  is  short  so  that  the  cavities  do  not 
self-oscillate.  Because  of  the  short  interaction  length  the  elec¬ 
tromagnetic  field  must  be  large,  making  the  AC  space  charge 


field  small  in  comparison.  Thus,  in  relativistic  gyrotrons  the 
AC  space  charge  field  is  not  strong  enough  to  significantly  dis¬ 
rupt  the  particle  orbits. 

A  detailed  numerical  and  theoretical  study  of  both  gyrotron 
oscillators  and  amplifiers  is  underway,  and  results  will  be  pre¬ 
sented  at  the  conference. 
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ABSTRACT 

The  space  charge  limiting  current  in  a  wave 
cavity  and  in  presence  of  electromagnetic  fields  is 
calculated  in  connection  with  application  to  high 
power  gyrotrons.  It  is  found  that  the  ponderomotive 
energy  alters  radically  the  build  up  of  beam  electro¬ 
static  energy.  As  a  consequence,  the  limiting  current 
can  be  greatly  decreased  or  enhanced  depending  on 
whether  the  ponderomotive  energy  is  positive  or 
negative,  respectively.  This  effect  can  be  observed 
experimentally  and  it  has  important  practical  con¬ 
sequences  for  present  high-current  particle  beam 
experiments. 

INTRODUCTION 

The  propagation  of  high-current  particle  beams  in 
a  wave  cavity  or  drift  tube  and  in  presence  of 
electromagnetic  fields  is  a  basic  theoretical  problem 
in  physics.  The  latest  revival  in  its  theoretical 
interest  reflects  the  recent  experimental  advances  in 
high-power  free-electron  lasers,  gyrotrons, 
collective-ion  accelerations,  and  so  on.  A  basic 
phenomena  occurring  in  these  experiments  is  that  as 
the  beam  current  is  increased,  an  electrostatic 
potential  depression  builds  up  due  to  the  beam's  self 
space  charge  field  and  as  a  result,  the  beam  current 
cannot  be  increased  beyond  a  certain  amount.  This  is 
the  limiting  current  of  the  cavity  and  it  is  a 
theoretical  limit  on  the  current,  and  hence  on  the 
power,  in  devices  like  gyrotrons.  The  problem  of 
limiting  current  of  particle  beams  in  a  cavity  has 
been  addressed  before,  but  not  taking  into  account  the 
presence  of  electromagnetic  fields  in  the  cavity. 
However,  in  the  present  charged  particle  beam 
experiments,  the  particle  beam  does  propagate  in  the 
presence  of  electromagnetic  fields  which  changes 
fundamentally  the  physical  situation.  The  oscillating 
electromagnetic  field  creates  a  quasistatic  pondero¬ 
motive  potential1  which  affects  the  particle  motion, 
and  hence,  the  limiting  current.  The  static  magnetic 
field,  on  the  other  hand,  introduces  resonances  due  to 
the  coupling  of  the  gyromotion  with  the  particle 
motion  in  the  electromagnetic  wave  field.  Again,  the 
limiting  current  calculations  should  reflect  this 
occurrence.  The  inclusion  of  all  these  issues  results 
in  a  more  complete  and  realistic  treatment  of  the 
limiting  current  problem  applicable  to  present 
experimental  situations. 

The  practical  consequence  of  this  work  is  that 
experimentalists  will  have  at  hand  the  <-’ght  behaviour 
and  value  of  the  limiting  current  for  t  ;ir  experi¬ 
ments,  which,  typically,  can  be  considerably  different 
from  the  value  found  without  considering  the  electro¬ 
magnetic  fields  in  the  cavity.  We  find  that  the 
combined  effects  resulting  from  the  oscillating 
electromagnetic  field  and  the  static  magnetic  field 
can  greatly  decrease  or  enhance  the  limiting  current 


depending  on  whether  the  ponderomotive  energy  is 
positive  or  negative,  respectively.  Our  calculations 
show  that  we  can  obtain,  say,  an  order  of  magnitude 
reduction  in  the  limiting  current  of  a  lOOkV  rela¬ 
tivistic  electron  beam  using  only  modest  electro¬ 
magnetic  fields,  and  consequently,  a  decrease  in  power 
produced  by,  say,  a  gyrotron.  Physically,  this  occurs 
because  a  positive  ponderomotive  energy  of  some 
appropriate  cavity  mode  enhances  the  beam  space  charge 
electrostatic  energy.  Alternatively,  we  can  think 
that  the  positive  ponderomotive  energy  reduces  the 
potential  energy  associated  with  the  beam  accelerating 
system.  This  is  reflected  as  a  decrease  in  the  beam 
kinetic  energy  with  a  consequent  decrease  in  the 
current  that  is  able  to  propagate  through  the  cavity. 

THEORETICAL  MODEL 

To  derive  the  limiting  current,  we  impose  the 
following  energy  conservation  condition  for  the 
relativistic  beam: 

K  =  ( r  -  1)  me2  +  e$  +  K2  =  ( rQ  -  1)  me2  =  ,  (1) 

where  4>c  is  the  potential  of  the  accelerating  system 

and  l<2  is  the  ponderomotive  Hamiltonian.  The  left- 

hand  side  of  Eq.  (1)  is  the  particle  guiding  center 
Hamiltonian  K  which  is  the  total  particle  beam  energy 
inside  the  wave  cavity.  Here  we  are  using  the 
notation  of  Refs.  1  and  2.  The  Hamiltonian 
K(R,  p,U ,)  results  from  an  averaging  over  the 

gyromotion  and  fast  oscillations  due  to  the  waveouide 
electromagnetic  fields.  Both  averages  were  done1* 
using  Lie  transforms  resulting  in  a  Hamiltonian 
containing  only  the  slow  effects  on  the  guiding 
center.  The  averaged  dynamical  variables  have  the 
following  meaning:  The  first  variable  R  is  the  radial 
position  of  the  guiding  center,  where  R  =  0  is  the 
center  of  the  waveguide.  The  next  variable  u  is  the 
magnetic  moment  and  is  related  to  the  perpendicular 

guiding  center  drift  through  p  =  mU^/2B,  where  B 

includes  the  external  magnetic  field,  and  the 
longitudinal  and  azimuthal  self-fields.  Finally, 

U  =  rV  is  the  parallel  world  velocity  of  the  guiding 
center,  Vihere  the  relativistic  factor  is  defined  as 


In  Eq.  (1),  the  term  ( r  -  1)  me2  is  the  kinetic  energy 
of  the  beam  particle,  e$(R)  is  the  potential  energy 
which,  in  this  case,  is  the  beam  space  charge  electro¬ 
static  energy,  and  iMR.u.U  )  is  the  ponderomotive 
Hamiltonian,  which,  being  velocity-dependent,  is  a 
generalization  of  the  ponderomotive  potential.  We  see 
from  Eq.  (1)  that  a  positive  ponderomotive  energy  K2 
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enhances  the  potential  energy  e<j>  while  a  negative  K2 
counterbalances  e$.  Alternatively,  we  can  think  of 
as  reducing  or  enhancing  e$  ,  the  accelerating 
potential.  It  is  possible  to  show  that  when  the 
ponderomotive  energy  is  included  in  the  calculation  of 
the  limiting  current,  the  maximum  energy  depression  of 
the  funciton  e*(R)  +  K2  (R,  y,  UJ  still  occurs  at 
R  =  0  for  solid  beams  and  at  R  =  iL  where  R  is  the 
inner  beam  radius,  for  hollow  beams  as  in  tfie  case 
when  K2  =  0. 

To  illustrate  how  this  formalism  works,  we  choose 
the  TEjj  mode  for  the  oscillating  electromagnetic 
field,  since  the  maximum  electromagnetic  field  occurs 
at  the  center  of  the  beam,  for  a  solid  beam,  and  the 
TEgj  mode,  since  the  maximum  electromagnetic  field  can 
be  set  at  the  inner  beam  radius,  for  a  hollow  beam. 
These  are  the  beam  radial  positions  where  the  beam 
electrostatic  energy  build  up  is  maximum.  The 
derivation  of  the  expression  for  the  relativistic 
ponderomoti ve  Hamiltonian  for  magnetized  particles  is 
rather  involved.  In  Ref.  1,  a  general  formula  for  the 
ponderomotive  Hamiltonian  was  obtained.  In  that 
derivation,  it  was  allowed  for  arbitrary  kp,E 

u/fi,  k  (/k  ,  u/c  <  1,  polarization,  and  for  slowly 

growing  and  spatially  modulated  waves,  where 
to  and  k  are  the  mode  frequency  and  wavenumber, 
respectively,  and  where  n=  eB/imc.  However,  in  this 
work  we  need  particular  expressions  for  the  pondero¬ 
motive  Hamiltonian  corresponding  to  kp  «  1,  and  to 
TEQ1  and  TEj,  modes.  We  know  that  the  parallel 
components  of  both  fields  is  zero  while  the  perpen¬ 
dicular  component  is  only  azimuthal  for  the  T£Q1 

mode,  |Ej2  =  | E 2 ,  but  azimuthal  and  radial  for  the 

TEjj  mode,  |Ej2  =  | E2 1  +  | E^ |  .  After  some  algebra 

we  obtain  the  following  expression  for  the  pondero¬ 
motive  Hamiltonian 


K2(R,  u,  V()  = 


e2l§J2  (a-k.V,)2 

imw2  ( w  -  k  (V  t)2  -  £  ' 


(2) 


Substituting  Eq.  (2)  into  Eq.  (1)  and  carrying 
out  a  straightforward  calculation  with  the  conser- 
servation  principle  of  energy,  we  get 


l(  r)  =  IQ  ( r  2-  1)  1/2  -  l  +  ,  (3) 

where  <  =  e  lEjVnrcw  ,  n  =  eB/unc, 


2  2  1/2 

r  =  (1  —  U(/c  )  '  ,  and  Iq  is  the  Alfven  current  with 

the  geometric  factor.  To  determine  the  limiting 
current,  we  maximize  I(r)  as  given  by  Eq.  (3).  The 
maximization  condition,  for  both  geometries,  is 


r3- 


xl^(n2  +  I2  -  2) 

TT-"7)'* 


=  0  . 


(4) 


The  solution  of  Eq.  (4)  gives  a  root 

when  substituted  in  Eq.  (3),  yields 
★ 

current  I-| -j™  =  I(r  ).  We  select  the 
root  r  by  knowing  that,  when  k  =  0, 
well-known  standard  limiting  current 


★ 

r  =  r  ,  which, 
the  limiting 

correct 

r  reduces  to  the 
calculation 


without  the  rf  waveguide  mode.  For  this  case,  the 

...  *  1/3 

maximization  condition  gives  r  =  r0  ,  which 

implies,  from  Eq.  (3),  that 

ii2"ig<10/3-1)3/2* 

To  realize  the  extent  to  which  the  presence  of 
electromagnetic  fields  in  the  wave  cavity  alters  the 
limiting  current,  we  solve  Eqs.  (4)  and  (3) 
numerically  for  typical  parameters  and  plot  the 
results  in  Figs.  1.  In  Fig.  1,  we  plot 

£S0 

I1  im^Ii -fm  versus  K>  for  various  n  at  fixed  rQ  =  1.2 

(lOOkV  electron  beam).  We  vary  k  between  k=0,  when 

Ilim/  I-|.jm  =  1,  and  <=0.5,  which  corresponds  to  an 

oscillating  electric  field  of  amplitude  E.  =  120kV/cm 
.  10 

if  io  =  10  rad/sec,  well  below  the  breakdown  field. 

We  observe  that  the  electromagnetic  fields  in  the  wave 

cavity  can  increase  ( In ,-m/I,KJ°  >  1)  or  decrease 
<=0  im  1m 

( Ilim/  <  1)  the  limiting  current  as  compared 

with  a  cavity  without  fields  in  jt.  An  increase 
occurs  for  n  >  1  (in  fact,  n  >  r  ,  equivalently, 

0  >  w),  which  corresponds  to  a  negative  ponderomotive 

energy,  while  a  positive  ponderomotive  energy 

(n  <  1)  decreases  the  limiting  current.  For  example, 

from  the  plot,  for  k  =  0.2  and  n  =  1.7  we  obtain  a  95% 

enhancement  while  for  the  same  k  but  for  any 

n  <  1  there  is  a  complete  current  cut-off  in  the 

cavity. 

In  conclusion,  we  developed  a  theory  to  treat  the 
propagation  of  a  charged  particle  beam  in  a  wave 
cavity  when  electromagnetic  fields  are  present.  This 
physical  situation  is  typical  in  present  experiments. 
We  find  that  the  limiting  current  problem  is  modified 
considerably  to  account  for  these  fields. 
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ABSTRACT 


grating  structure  were  analyzed  in  (5,6)  . 


In  this  paper  a  nonradiative  symmetrical 
dielectric  grating  waveguide  and  its  applica¬ 
tion  to  MMW  DBR  Gunn  oscillator  is  presented. 
The  width  of  symmetrical  dielectric  strips  is 
selected  carefully  in  order  to  avoid  the  leak¬ 
age  and  resonance  effect .  A  DBR  oscillator  has 
been  designed  and  tested,  Its  power  output  is 
70-1 OOmW  and  frequency  stability  is  better 
than  10"°  at  40  GHz  which  is  10  times  better 
than  that  of  MMW  DBR  oscillator  using  the  in¬ 
verted  strip  dielectric  waveguide( 1 ) . 


INTRODUCTION 

The  inverted  strip  dielectric  waveguide 
(ISDG)  is  very  useful  for  several  passive  and 
active  integrated  components  at  millimeter 
wave  band. 

The  advantages  of  ISDG  shown  in  Fig.1 
over  other  transmisstion  lines  at  millimeter 
wave  hand  are:  l)  relative  large  size  which 
is  easier  to  be  fabricated,  2)  low  conductor 
loss  due  to  less  surface  current,  3)  ground 
plane  serves  as  heat  sink  as  well  as  a  bias 
return  for  the  solid-state  diode  mourted  in 
the  ISDG.  4)  The  bonding  material  is  not  re¬ 
quired  by  means  of  the  mechanical  pressure, so 
the  bonding  loss  is  avoided.  But  ISDG  as  an 
open  dielectric  waveguide  suffers  from  radia¬ 
tion  especially  caused  by  different  disconti¬ 
nuities.  The  radiation  loss  is  higher  than 
that  of.image  guide  since  ISDG  belongs  to  a 
weakly  guiding  structure. 

In  order  to  reduce  radiation  loss  an  im¬ 
proved  symmetrical  structure  of  ISDC  has  been 
tried.  It  consists  of  two  parallel  ground  plan¬ 
es,  two  dielectric  strips  and  one  dielectric 
3lao  as  the  guiding  layer,  It  is  a  semiopen 
structure  named  a3  symmetric  ISDG  (gisdg) shown 
in  Fig. 2.  The  EMF  energy  is  concentrated  in 
the  middle  portion  of  line  to  propagate  along 
z-axis,  since  £2*^1  and  the  lens  effect  of 
two  strips.  The  fields  decay  exponentically 
along  x-direction.  From  the  edges  of  the  strips 
it  decays  at  least  10  dB  per  wavelength! 2) . 

Furthermore  in  order  to  elliminate  re¬ 
sonance  and  leakage  effect  the  width  of  the 
strips, the  guided  wave  mode  and  the  separa¬ 
tion  b  between  two  ground  planes  should  be  ca¬ 
refully  selected.  Then  the  SISDG  may  be  be¬ 
come  a  nonradiative  dielectric  guiding  struc¬ 
ture.  The  outer  configuration  of  SISDG  is 
somewhat  like  H-guide  but  the  inner  construc¬ 
tion  is  different  from  H-guide.  So  the  radia¬ 
tion  loss  in  the  nonradiative  SISDG  is  weaker 
than  that  in  ISDG  .  The  propagation  charac¬ 
teristics  and  Bragg  interaction  property  of  a 
transmission  line  with  symmetrical  dielectric 


DBR  OSCILLATOR 

In  Fig. 2(a)  if  the  regions  I.  I  and  HI 
are  individually  infinitely  wide  in  the  x- 
direction  each  becomes  a  slab  waveguide  ( 

=  0  )  the  propagation  characteristics  of 
the  uniform  SISDG  can  be  computed  by  means 
of  the  transverse  resonant  principle  and  the 
EDC  method.  The  dispersion  curves  (k- JJ  diag¬ 
ram)  for  the  modes  of  space  harmonics  ir-  the 
SISDG  with  symmetric  periodical  perturbation 
are  also  given  (1,2).  If  the  Bragg  condition 
is  satisfied 

A  =  pif //53  =  pXgS/2  (1) 

in  the  Bragg  reflection  region,  then  the 
strong  mode-coupling  will  take  place  due  to 
the  distributed  interaction  between  the  for¬ 
ward  and  the  backward-wave  along  the  z-diree- 
tion  over  a  considerable  distance  z=Lj$>-X  • 
The  coupling  coefficient  of  the  wave  to 
wave  interaction  for  TM30  mode  is  derived  as 


jap(x) 

n2(x) 


2 

dx 


—2  2  4/_  2  2-, 

4  IT  s  n,  (n^  -nQ  ) 

^  A.  P  n25(ni2+no2) 


3  A. /a 

21T(n22-n12)^ 


+ 


(a/t)5- 

3(  A /a) 2 
4fl2(n22-n12) 


(?) 


By  the  phenomenon  of  surface  wave  stop- 
band  based  on  the  theory  of  coupled  modes  the 
Bragg  reflection  with  both  the  frequency-and 
the  mode-selectivities  occurs  and  results  in 
the  positive  feedback  to  the  Gunn  diode  in¬ 
serted  in  the  guiding  layer  of  the  SISDG  wliii 
the  symmetric  grating  structure  as  shown  in 
Fig. 3.  The  oscillation  has  a  spectral  purity 
at  millimeter  wave  band.  When  the  feedback 
satisfies  the  oscillation  conditions. 

A  MMW  DBR  oscillator  based  on  the  SISDG 
has  been  designed  and  tested.  Its  power  out¬ 
put  is  between  70-100  mW  at  40GHz  as  shown 
in  Pig. 4.  The  frequency  stability  in  a  period 
of  15  hours  at  room  temperature  is  1C~6  which 
is  10  times  better  than  that  of  MMW  DBR  os¬ 
cillator  based  on  the  ISDG. 

A  Gunn  diode  is  mounted  vertically  in 
the  guiding  layer  of  SISDG.  One  of  the  grotnd 
planes  serves  as  a  heat  sink.  The  vertical 
location  of  the  diode  can  be  adjusted  for 
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maximum  output  power  and  designed  frequency. 
The  positive  bias  is  fed  to  the  diode  from 


the  top  conducting  plane  through  RF  choke. 

In  order  to  improve  the  characteristics 
of  DBR  oscillator  a  horn  transition  between 
the  metal  waveguide  and  the  SISDG  has  been 
designed  andad justed  carefully.  The  notch 
depth  of  grating  grooves  must  be  taken  as 
small  as  1/20  and  the  width  of  symmetric 
dielectric  strips  must  be  chosen  appropriately 
to  elliminate  leakage  and  resonance  effect. 


strip 
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Fig. 3.  DBR  Oscillator 


Fig. 4  Measured  data  of  DBR  oscillator 
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ABSTRACT 

A  mode  matching  method  for  the  analysis  of  a  cylin¬ 
drical  dielectric  resonator  with  arbitrarily  shaped 
cross-section  inside  a  waveguide  is  presented  which 
allows  series  expansions  of  the  fields  in  the  region  of 
the  dielectric  insert  and  of  the  waveguide  with  diffe¬ 
rent  numbers  of  eigenmodes.  Furthermore  complex 
modes  can  simply  be  taken  into  account.  Resonant  fre¬ 
quencies  above  the  cut-off  frequency  of  the  dominant 
mode  of  the  waveguide  are  complex  due  to  energy  ra¬ 
diation.  The  method  is  verified  for  some  special  cases. 
L  INTRODUCTION 

Recently  the  interest  in  theory  and  application  of  di¬ 
electric  resonators  has  been  risen.  An  overview  of  the 
state  of  the  art  has  been  well  documented  in  [1].  In 
[2]  -  [5]  the  resonant  frequencies,  field  distributions, 
and  loss  mechanisms  of  the  special  case  of  a  circular 
cavity  with  a  coaxial  circular  dielectric  insert  were 
examined.  Unfortunately  the  authors  used  only  the 
electric  and  magnetic  eigenfunctions  of  the  empty  cir¬ 
cular  waveguide  as  test-functions  which  restricts 
their  method  to  the  case  of  equal  numbers  of  eigen¬ 
functions  at  both  sides  of  the  discontinuity  at  the  end 
surfaces  of  the  dielectric  insert.  This  must  be  regar¬ 
ded  as  a  severe  handicap  keeping  in  mind  the  relative 
convergence  phenomenon,  which  is  described  in  [6]. 
Moreover  the  orthogonality  relation  which  is  applied  in 
our  method  uses  the  cross  product  of  the  electric  and 
magnetic  eigenfunctions.  This  is  more  suitable  for  ta¬ 
king  complex  modes  into  account  [7]. 

The  eigenmodes  of  the  dielectric  resonator  can  be  di¬ 
vided  into  two  classes.  One  class  contains  the  eigen¬ 
modes  with  magnetic,  the  other  class  the  eigenmodes 
with  electric  conducting  wall  symmetry  in  longitudinal 
direction.  To  simplify  the  calculations,  only  the  magne¬ 
tic  conducting  wall  type  eigenmodeB  are  taken  into  ac¬ 
count  because  the  dominant  eigenmode  belongs  to  this 
class, 

II.  METHOD  OF  ANALYSIS 

Consider  the  structure  shown  in  figure  1.  The  wave¬ 
guide  is  infinitely  extended  and  contains  a  coaxial  di¬ 
electric  cylindre  of  relative  permittivity  trl  and 
length  2L  with  arbitrarily  ahaped  cross-section.  The 
space  between  the  dielectric  insert  and  the  perfectly 
conducting  wall  of  the  waveguide  is  filled  with 
another  dielectric  of  relative  permittivity  ir2. 

For  the  transverse  electric  and  magnetic  fields  in  re¬ 
gions  "a"  and  "b",  E,,  Eb,  H,  and  Hb,  respectively,  we 
can  set  up: 


transverse  electric  and  magnetic  eigenfields,  the  pro¬ 
pagation  constants,  and  the  complex  amplitudes  of  the 
forward  and  backward  travelling  eigenmodes  in  the 
regions  "a”  and  "b",  respectively.  How  the  following 
orthogonality  relations  are  valid: 

J  (e„  Xh  ).«zdS  =  *  P, 

3 

J  k.  *  -bj)'Hz  =  6 a  Qi 

uz  denotes  the  unit  vector  in  z-direction,  4  \  j  the 
Kronecker  delta  and  S  the  common  cross-section  of 
regions  "a"  and  "b".  As  was  discussed  in  [7],  the 
continuity  of  the  transverse  electric  and  magnetic 
fields  across  S  yields  an  infinite  set  of  linear  equa¬ 
tions: 


(  5) 
(  6) 


[xp]  (s+  +  S  )  =  [A]  (-+  +  -  )  <  7> 

[\]  -  If)  =  [a]4  (a+  -  a")  (  8) 


The  complex  amplitudes  at,  at,  bj,  and  bj  are  com¬ 
bined  to  form  the  column  vectors  a*,  a-,  b*,  and  b", 
respectively.  The  elements  of  the  matrices  are  given 
by: 

k)  „  ■  <„ p,  •  1  ‘  *•  j  ‘ »  <  9> 

k)  •  1“'""  (10> 

(*)  =  J  (e  *  !»,,)•«,  dS.l  f  i  f  N,1  f  j  <  M.  (11) 

J  3  J 

Independent  of  the  number  of  eigenmodes  in  regions 
"a"  and  "b",  M  or  N,  respectively,  the  number  of 
equations  (M  +  N)  equals  the  number  of  unknowns.  So 
the  relation  between  M  and  N  is  still  a  tree  parameter. 
To  satisfy  the  boundary  conditions  on  the  magnetic 
conducting  wall,  b1'  and  b"  are  related  by  the  follo¬ 
wing  matrix  equation: 

b“  =  [xj  b+  (12) 


The  elements  of  the  matrix  [Xj]  are: 

(\)  ,j  =  5,j  exp(-2rbJL)  ,1  i  i»j  i  M.  (13) 


K  =  l  (vxp(-r.,z)+  a;exp(ra,zj)  e  (  1) 

N-*»  1  =  1 

N 

Ht  =  li»  I  (a+exp(-ymlzj-  a^expjy  z))  h  (2) 

1  =  1 

M 

h  =  i  K«pKj»I+  b7expkjz))  -b j  < 3) 

H-*»  j  =  l  j  j  j  j 

H 

h =  lJ*  l  (b>Kj«)-  Vxpkj2))  ^bJ  ( 4) 

»H®  j  =  l  j  j  j  j 

2»ii  h,i,  7,1,  at,  ai,  gbj,  ht,j,  7bji  bj,  and  bj  are  the 


Substituting  (12)  into  (7)  and  (8),  the  resonance  con¬ 
dition  can  easily  be  derived: 

det  ([xj  +  [a]  [xcotJ  [xj"1  [a]1)  =  0  (14) 

[Xcoth]  contains  the  elements: 

kJ  ,J  “  5,J  cothkjL)  -1  *  i*  M*  <16) 

III.  RESULTS  AND  DISCUSSION 

To  justify  the  validity  of  the  above  analysis,  we  con¬ 
sider  the  cross-sections  of  the  waveguide  and  the 
dielectric  resonator  as  shown  in  figure  2.  The  calcula¬ 
tions  are  simplified  by  taking  only  angularly  indepen¬ 
dent  TE-modes  into  account.  Furthermore  we  restrict 
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ourselves  to  resonant  frequencies  of  the  dielectric  re¬ 
sonator  which  are  below  the  cut-off  frequency  of  the 
TB01-raode  of  the  circular  waveguide.  This  guarantees 
a  purely  real  formulation  of  the  resonance  condition 
which  reduces  the  computational  efforts  considerably. 
To  evaluate  the  resonance  condition  we  calculate  the 
elements  of  the  matrices  [P],  [Q3,  and  [A].  For  [PJ 
this  can  simply  be  done  because  the  eigenmodes  of 
the  empty  circular  waveguide  are  well  known.  The  cal¬ 
culation  of  [Q]  and  [A]  needs  the  eigenmodes  of  a 
circular  waveguide  which  is  partially  filled  with  a  co¬ 
axial  circular  dielectric  insert.  They  can  be  determined 
as  described  in  [2].  All  integrations  required  by  the 
calculations  of  [P],  [Q3,  and  [A]  can  be  done  analyti¬ 
cally. 

In  practice  the  infinite  matrices  [P3,  [Q],  and  [A] 
have  to  be  truncated.  That  meanB  that  the  numbers  of 
eigenmodes  in  regions  "a"  and  "b",  N  or  M,  respecti¬ 
vely,  are  limited  to  finite  values.  Then  a  difficulty 
known  as  relative  convergence  problem  arises  in 
choosing  the  correct  ratio  N/M.  As  was  demonstrated 
in  [6]  an  incorrect  choice  of  N/M  can  yield  a  totally 
wrong  description  of  the  discontinuity,  even  if  N  an  M 
are  very  large.  Considering  [9],  N  and  M  have  to  be 
adjusted  so  that  a  "similarity  balance"  at  both  sides 
of  the  discontinuity  is  obtained.  The  mode  coupling 
coefficients  (A)jj  defined  by  (11)  represent  a  measure 
of  the  degree  of  similarity  between  the  i-th  mode  in 
region  "a"  and  the  j-th  mode  in  region  "b".  The  ef¬ 
fect  of  the  dielectric  inhomogeneity  on  the  field  dis¬ 
tribution  becomes  negligible  if  we  take  a  sufficiently 
large  number  of  higher-order  eigenmodes  into  account. 
Hence  the  similarity  between  the  eigenmodeB  at  both 
sides  of  the  discontinuity  increases  with  the  order  of 
the  eigenmodes.  Therefore  the  relative  convergence 
problem  is  solved  here  by  the  identity  N  =  M. 

Figure  3  shows  the  convergence  of  the  normalized  re¬ 
sonant  wavenumbers  k„  =  k0  a2  for  a  typical  case 
where  k„  denotes  the  free-space  wavenumber.  The 
convergence  is  very  good  for  M  -  N  >  5  although  the 
relative  permittivity  of  the  dielectric  insert  trl  =  20 
is  considerably  high. 

Figure  4  presents  the  normalized  resonant  wavenum¬ 
bers  for  some  dielectric  resonators  with  different  re¬ 
lative  permittivities  as  functions  of  the  normalized  ra¬ 
dius  of  the  resonators  _a,  =  a, /a,.  The  normalized 
length  of  the  resonator  L  =  L/a2  =  0.5  and  the  num¬ 
bers  of  eigenmodes  N  =  M  =  20  are  kept  constant  in 
all  cases. 

The  results  obtained  aro  now  compared  with  those  of 
(9).  Table  1  shows  the  good  agreement.  Maximum  rela¬ 
tive  deviations  between  both  methods  are  of  the  order 
of  1  X. 
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flture  3‘ 

The  normalized  wavenumber  as  a 
function  of  the  number  of  eigenmodes 
in  regions  "a"  and  *bm  H  •  H  *  20. 
Parameter: 

*  20,  trt  *  1,  a,  a  0.25,  l  a  0.5. 


The  normal i ted  resonant  wavenumber  <*•«  as  a  function  of  the  normalised 
radius  of  the  dielectric  resonator  with  *ri  as  e  parameter. 

Other  parameters:  tri  •  1,  l  •  0.5 ,  M  •  N  •  20. 
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ABSTRACT 

A  numerical  modelling  procedure  in  the  time-domain 
of  microstrip  circuits  containing  non-linear  devices  such  as 
varactor  multipliers  and  halvers™,  is  described.  The  two- 
dimensional  Transmission  Line  Matrix  (TLM)  method  has 
been  extended  to  model  elements  with  voltage-dependent 
capacitance  (varactors).  Waveforms  and  spectra  computed 
with  the  TLM  model  compare  well  with  measured  results. 


INTRODUCTION 

At  microwave  and  millimeter-wave  frequencies,  non¬ 
linear  reactance  is  usually  achieved  by  means  of  the  depletion 
capacitance,  in  varactor  diodes  [1].  One  of  the  simplest 
applications  of  varactors  is  harmonic  generation  or  frequency 
multiplication.  The  varactor  is  excited  at  a  frequency 
and  power  is  delivered  to  a  load  at  a  frequency  /ou<  =  m/i„ 
for  some  fixed  integer  m.  Typical  varactor  multipliers 
deliver  from  a  few  watts  of  power  at  10  GHz  to  several 
hundred  millliwatts  at  100  GHz  [l][2j.  Another  more  recent 
application  of  varactors  involves  subharmonic  generation  or 
frequency  division.  The  varactor  is  excited  at  and  power 
is  delivered  to  the  load  at  /;n/m  for  some  fixed  integer  m. 
The  case  of  m  =  2  (HALVER™)  is  of  special  interest  and  will 
be  studied  in  the  following. 

Both  frequency  and  time-domain  methods  are  available 
for  designing  varactor  circuits  [2].  Their  constituent  parts 
are  usually  modelled  by  equivalent  lumped  elements  and/or 
transmission  line  circuits.  However,  the  circuit  equivalent  of 
components  realized  in  planar  and  quasi-planar  technology, 
and  the  interaction  between  the  passive  and  active  parts 
are  difficult  to  evaluate.  Particularly,  in  the  case  of 
circuits  of  high  complexity,  such  as  frequency  halvers™,  it 
is  advantageous  to  model  directly  the  field  behavior,  thus 
avoiding  the  ambiguity  of  impedance  definitions  and  the 
difficulties  of  specifying  equivalent  circuit  elements  over  a 
large  frequency  band. 

In  this  study,  we  take  a  first  step  towards  the  TLM- 
modclling  of  microstrip  varactor  multipliers  and  dividers. 
Both  the  passive  and  the  active  components  arc  modelled 
by  two-dimensional  TLM  (2D-TLM)  networks.  In  spite  of 
the  required  simplifications,  the  results  obtained  with  a  2D- 
TLM  simulation  agree  very  well  with  measurements,  thus 
demonstrating  the  validity  of  our  approach. 


NON-LINEAR  2D-TLM  MODEL  FOR  A 
VARACTOR  DIODE 

The  voltage-dependent  capacitance  of  a  varactor  diode 
is  given  by  (1): 


Cj(v) 


Cj(  0) 

(i-£)7 


(1) 


where  C,(0)  is  the  depletion  capacitance  at  zero  bias, 
<j>o  is  the  built-in  potential  (4>0  ss  0.7  Volt  for  Si)[l],  and  7 
is  a  constant  depending  on  the  type  of  the  pn  junction  (7  = 
1/2  for  an  abrupt  diode)(l].  The  voltage  v  across  the  diode 
usually  contains  a  dc-component  and  a  time-dependent  part: 


v  =  as  +  v(t)  (2) 

For  forward  bias  (0  <  Vi,-,,,  <  tj>0)  the  varactor’s 
diffusion  capacitance  (C< (),  derived  directly  by  the  continuity 
equation  for  a  forward-biased  pn  junction  [2],  is  becoming 
important  as  well.  Thus,  the  varactor’s  equivalent  circuit 
consists  of  the  parallel  combination  of  the  depletion 
capacitance,  the  diffusion  capacitance  and  the  parasitic 
capacitance  due  to  packaging  (Cp);i.e. 

Ctot  =  Cj  +  Ci  +  Cp  (3) 

In  the  2D-TLM  simulation  of  a  microstrip  varactor 
multiplier  or  divider,  the  passive  circuit  part  is  modelled  by 
a  parallel-plate  equivalent  circuit  which  is  easily  represented 
by  a  standard  2D-TLM  mesh.  The  non-linear  device  is 
represented  by  a  rectangular  submesh  covering  essentially 
the  same  area  A  as  the  packaged  diode,  as  illustrated  in 
Fig.l.  This  figure  shows  the  simplest  passive  arrangement, 
consisting  of  a  microstrip  line  terminated  in  a  varactor 
diode,  w'  is  the  width  of  the  equivalent  parallel-plate 
waveguide  model  (Fig.la).  For  convenience,  the  width  of  the 
representative  submesh  can  be  made  equal  to  w'  (Fig.lb), 
and  its  length  L  is  then  obtained  from  the  condition  that 
both  areas  should  be  identical: 


L  = 


Z)2  7T 
4u>' 


(4) 


The  dielectric  constant  in  the  submesh  must  then  be 
modified  in  such  a  way  that  its  total  capacitance  (Ctot) 
is  related  to  the  capacitance  of  the  equivalent  microstrip 
section  as  follows: 


(■tSU  _  Ctot 

£e//m  CA 


The  word  HALVER  is  a  trade  mark  by  TELEMUS  Inc. 


(5) 
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where  £e//,  is  the  effective  dielectric  constant  of  the 
submesh  representing  the  diode,  £e//m  is  the  effective 
dielectric  constant  of  the  microstrip  section  equal  area  A, 
and  Ca  is  given  by: 

CA  =  (6) 

where  h  is  the  substrate  thickness.  The  modification 
is  accomplished  by  loading  the  nodes  of  the  submesh  with 
open-ended  —  stubs  of  non-linear  characteristic  admittance 
y0  given  in  [4]: 


y0  —  4(er  —  1)  (7) 

Since  the  diode  capacitance  depends  on  the  diode 
voltage  which,  in  •  turn,  is  a  function  of  time,  the  time- 
dependent  stub  admittance  in  the  submesh  can  be  written 
as: 


This  value  is  updated  at  each  iteration,  after  the  total 
voltage  at  each  node  has  been  computed. 
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(a) 


(b) 


SIMULATION  RESULTS 
a)  Frequency  Multiplier 

In  order  to  verify  the  validity  of  this  model,  a  simple 
microstrip  varactor  multiplier  was  simulated  and  tested.  It 
consisted  of  a  50  Ohm  microstrip  line  with  a  shunt-connected 
varactor  diode.  A  3x14  submesh  was  used  to  simulate  the 
diode.  The  output  spectra  computed  and  measured  at  the 
output  port,  are  compared  in  Fig.2,  indicating  that  the  2D- 
TLM  method  performs  very  well  in  analysing  the  behavior 
of  this  frequency  multiplicr.Note  that  the  simulation  does 
not  include  losses  in  the  microstrip  and  in  the  device,  which 
is  considered  to  account  for  the  difference  in  the  magnitude 
of  the  second  harmonic. 

b)  Frequency  Halver™ 

The  lossless  frequency  halver™  simulated  here,  is  a 
unbalanced  frequency  divider  [3]  consisting  of  a  rectangular 
microstrip  resonator  and  a  pair  of  varactor  diodes,  simulated 
by  a  7x14  submesh  each.  For  Vbia,  =  0.24  Volt  and  an  even- 
mode  sinusoidal  excitation,  the  half-frequency  appeared 
(odd-mode)  at  0.506S4f„(sce  Fig.3).  The  small  error  in  the 
computed  half-frequency  is  mostly  due  to  the  velocity  error 
inherent  in  the  TLM  procedure  [4]. 


CONCLUSION 

A  2D-TLM  computer  simulation  of  microstrip  varactor 
multipliers  and  halvers™  has  been  carried  out  here.  In 
contrast  to  other  known  methods,  it  allows  a  direct  field 
analysis  in  the  time-domain  and  is  particularly  promising 
for  millimeter- wave  components  realized  in  planar  and  quasi- 
planar  technology.  Extension  to  3D  simulation  and  inclusion 
of  losses  arc  precently  being  studied  in  view  of  developing 
millimeter-wave  halvers™  in  E-plane  configuration. 


Fig.l:  2D-TLM  simulation  of  microstrip  varactor  multiplier, 
a)  Package  diode  in  equivalent  microstrip  model,  b) 
TLM  mesh  with  stub-loaded  submesh,  simulating  the 
diode. 


o 


Fig.2: 

Multiplier’s 

output 

spectra. 


a 


Fig-3: 

Halvcr’s™ 

output 

spectra. 
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I.  Abstract 

In  this  paper,  a  general  finite  element  method  as  well  as  a  graded- 
mesh  TLM  procedure  for  determining  the  dispersion  characteristics,  field 
distribution,  pseudo-impedance  and  losses  of  generalized  millimeter-wave 
transmission  media  are  described.  These  methods  cover  arbitrary  cross- 
sections  and  account  for  realistic  features  (finite  metallization  thick¬ 
ness, substrate  mounting  grooves  etc.)  that  are  often  neglected  in  theo¬ 
retical  analysis.  Dispersion  characteristics  and  characteristic  impedances 
obtained  for  dielectrically  loaded  ridged  waveguides  compare  well  with 
the  available  data.  Conductor  and  dielectric  losses  are  also  computed 
for  these  structures.  A  modified  (inline  structure  called  ”  ridged  fin- 
line”  is  also  analysed.  The  main  advantage  of  this  structure  are  its  large 
monomode  bandwidth  and  reduced  dispersion.  The  cutoff  frequencies  of 
bilateral  finlines  in  circular  waveguides  are  also  computed. 

II.  Introduction 

Knowledge  of  the  propagation  .aracteristic  impedance, 

field  distribution,  monomode  band'  muation  constant,  power 

handling  capacity  etc.,  are  necessary  to  v  ..^n  microwave  and  millime¬ 
ter  wave  transmission  systems.  Various  analytical  methods  have  been 
used  to  obtain  the  design  data,  but  cannot  be  applied  to  transmission 
lines  of  arbitrary  cross-section,  and  the  realistic  features  cannot  be  easily 
accounted  for.  On  the  other  hand,  powerful  computing  facilities  make 
numerical  methods  such  as  finite  element,  transmission  line  matrix  , 
and  time  domain  finite  difference  techniques  more  attractive.  General¬ 
ized  programs  based  on  these  techniques  can  be  applied  to  design  novel 
structures  with  excellent  electrical  characteristics,  or  to  study  the  sec¬ 
ond  order  effects  on  their  characteristics.  Furthermore,  these  methods 
are  suitable  for  lookup  table  generation  for  CAD  applications. 

III.  Finite  Element  Method 
a.  Theory 

The  finite  element  method  is  based  on  a  variational  principle.  We 
have  used  variational  expressions  which  are  formulated  in  terms  of  the 
longitudinal  components  of  the  electric  field,  E,,  and  the  magnetic  field, 
II,,  [1].  Consider  a  wave-guide  of  arbitrary  shape  uniform  in  the  z 
direction,  which  consists  of  isotropic,  lossless  dielectric  media.  Assume 
propagation  along  the  z-axis  of  the  form  exp[j(w( -/?r)]  with  longitudinal 
field  components  H,  and  E,.  The  functional  to  be  made  stationary  is 


variables.  The  parameter  7  is  present  in  the  matrices  (A)  and  [B].  For 
a  given  value  of  7,  the  above  generalized  eigenvalue  equation  is  solved 
for  the  frequency  and  the  longitudinal  electromagnetic  nodal  variables. 
All  other  field  components  can  be  derived  from  these  longitudinal  field 
values. 

The  perturbational  approach  is  employed  to  solve  for  the  attenua¬ 
tion  constants  due  to  dielectric  and  conductor  losses 


<*d  = 


J± 

2Ba, 


,<*c  = 


_Pc_ 

2 


(4) 


Where  Pav  is  the  time-average  power  flow  along  the  line,  and  Pd  and  Pc 
are  the  time-average  powers  dissipated  in  the  dielectric  and  conductors, 
respectively.  The  parameters  Pav,  Pj  and  Pc  have  been  expressed  in 
terms  of  special  finite  element  matrices,  so  that  no  numerical  integration 
or  differentiation  is  involved  in  the  computation  of  losses.  The  most 
appropriate  definition  of  characteristic  impedance  for  our  applications  is 
given  by 

Z,=  V>/(2Pav)  (5) 

b.  Application  to  Dielectrically  loaded  Ridge  Waveguides  and 
Finlines 


On  the  basis  of  this  finite  element  procedure,  a  computer  program 
has  been  developed.  The  computed  values  of  the  normalised  propagation 
constant,  characteristic  impedance  and  Iceses  of  a  dielectric  loaded  ridged 
waveguide  are  plotted  in  Figs.  1(a)  and  1(b).  The  results  for  propagation 
constant  and  characteristic  impedance  compare  well  with  the  available 
data  [2].  It  is  seen  that  with  the  dielectric  present,  the  cutoff  frequencies 
are  reduced,  and  the  propagation  constants  are  increased. 

The  computed  dispersion  characteristics  of  the  dominant  and  higher- 
order  modes  in  a  bilateral  (inline  with  and  without  the  ridge  are  shown 
in  Fig.  2.  The  results  for  zero  ridge  thickness  are  in  good  agreement  with 
the  results  obtained  using  the  Spectra)  Domain  Method.  With  the  ridge 
present,  the  cutoff  frequency  of  the  dominant  mode  is  not  affected,  as  ex¬ 
pected.  This  is  because  the  capacitive  loading  of  the  fins  dominate  that 
of  the  ridge.  However,  the  effective  dielectric  constant  comes  down  as  the 
frequency  increases.  The  cutoff  frequency  of  the  higher-order  mode  is 
increased  considerably,  thus  increasing  the  monomode  bandwidth.  Note 
that  in  this  operating  range  the  dispersion  is  very  small.  The  conductor 
loss  is  not  expected  to  be  highly  influenced  by  the  ridge.  A  PIN-diode 
attenuator  in  this  technique  has  been  realized  successfully  by  AEG  [3] 
with  a  bandwidth  of  two  octaves. 


SI  =  0,  where  !  ~  ^  Ip  (1) 


r= 1 


+2rpe,7*.[i(^.)iV£^>  x  Vtf^j 

-(?)30-T2)-{[//^>)2  +  7ag-[i(g;)i^>]2})cfxcfy  (2) 

where  rf  =  (7*  -  l)/(73  -  f, ■/«,),  7  =  (Pc)/u. 

At  the  stationary  point,  the  functional  yields  as  its  Euler  equations 
and  natural  boundary  conditions  the  Helmholtz  equations  and  continu¬ 
ity  conditions  of  the  tangential  electric  and  magnetic  fields  along  the 
common  interface  for  all  regions  comprising  the  waveguide  crc«s-section. 

The  basis  for  generating  the  finite  element  algorithm  are  equa¬ 
tion  (1)  with  the  functional  (2).  The  initial  step  is  the  discretization 
cf  the  waveguide  cross-section  into  a  large  numbe;  of  triangular  subre¬ 
gions.  The  final  form  of  (1)  after  discretization  can  be  reduced  tc,  a 
generalized  eigenvalue  problem 

(A}{e}-(5J(l-72)(B]{d}=0  (3) 

where  {9}  is  an  ordered  array  of  the  longitudinal  electromagnetic  nodal 


IV.  2D  Graded  Transmission  Lino  Matrix  Method 

a.  Theory 

Transmission  Line  Modeling  is  a  time-domain  numerical  technique 
for  solving  networks  and  fields.  The  details  of  this  method  can  be  found 
in  [4).  The  2-D  TLM  method  can  be  applied  to  obtain  the  cutoff  fre¬ 
quencies  and  field  distributions  of  various  modes  of  any  transmission 
line  of  arbitrary  cross-section.  In  this  method,  the  propagation  space  is 
represented  by  a  mesh  of  TEM  transmission  lines.  The  numerical  calcu¬ 
lation  usually  starts  by  exciting  the  mesh  at  specific  points  by  voltage  or 
current  impulses  and  follows  the  propagation  of  the3e  impulses  over  the 
mesh  as  they  are  scattered  by  the  nodes  and  bounce  back  at  boundaries. 

To  achieve  time  synchronism  with  least  programming  effort,  square 
elements  are  used  in  the  2-D  model.  In  planar  and  quasi-planar  circuits, 
there  are  field  singularities  around  the  fin  edges.  To  represent  such  com¬ 
plex  fields  we  should  have  fine  mesh  deployment  around  the  fin  edges.  If 
we  use  a  conventional  TLM  model,  large  computer  run  time  and  mem¬ 
ory  are  required.  To  reduce  these,  we  can  use  a  fine  mesh  around  the 
fin  edges,  and  a  coarse  mesh  elsewhere.  To  achieve  time  synchronism  in 
such  cases,  the  algorithm  must  be  modified.  Such  graded  TLM  models 
have  been  proposed  by  P.  Saguet  [5]  and  Al-Mukblar  (6].  The  graded 
TLM  model  proposed  in  [5)  is  adopted  for  this  study. 

b.  Application  to  Bilateral  Finlines 

The  bilateral  finlines  in  rectangular  and  circular  waveguide  enclo¬ 
sures  ere  shown  in  Fig.3.  The  cutoff  frequencies  computed  for  a  bilateral 
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finline  in  rectangular  waveguide  enclosure  with  different  grading  ratios 
are  shown  in  Table  I.  Only  one  quarter  of  the  structure  is  analysed  be¬ 
cause  of  the  symmetry  of  the  structure.  It  is  seen  that  as  the  number  of 
iterations  increases,  the  peaks  of  E„,  Hc  and  H-  come  closer.  The  re¬ 
sults  compare  well  with  the  results  obtained  using  the  Spectral  Domain 
Method.  The  comparison  of  the  CPU  time  for  various  grading  ratios  is 
shown  in  the  Table  II.  The  CPU  time  is  four  times  less  for  a  grading 
ratio  of  5:1. 

The  computed  cutoff  frequencies  for  bilateral  finlines  in  circular 
waveguide  enclosure  are  given  in  Table  III.  The  results  agree  with  the 
results  computed  using  Finite  Element  Method.  As  expected,  for  fi¬ 
nite  metallization  thickness,  the  cutoff  frequency  is  decreased  because  of 
increased  capacitive  loading.  Higher-order  mode  cutoff  frequencies  com¬ 
puted  with  various  combinations  of  electric  and  magnetic  walls  along 
the  symmetry  lines  XX  and  YY  are  compared  with  the  results  obtained 
using  Finite  Element  Method  in  Table  IV.  The  discrepancies  in  cutoff 
frequencies  may  be  attributed  to  the  coarse  discretization. 

V.  Conclusion 

In  this  paper,  Finite  Element  and  Graded  TLM  procedures  are  de¬ 
scribed  to  handle  shielded  microwave  and  millimeter-wave  transmission 
lines  with  arbitrary  cross-sectional  geometries.  These  methods  can  cover 
arbitrary  cross-sections  and  realistic  features  .  Results  obtained  for  the 
dispersion  characteristics  ar-1  impedances  for  dielectrically  loaded  ridged 
waveguides  and  bilateral  finlines  agree  within  better  than  one  percent 
with  available  data.  A  structure  called  ridged  finline  has  been  described 
as  well.  The  cutoff  frequencies  of  bilateral  finlines  in  circular  waveguide 
enclosure  are  computed. 

The  spurious  solutions  inherent  in  the  finite  element  method  can  be 
checked  with  the  numerically  stable  TLM  procedure. 
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Fig.  1(a):  Dispersion  Characteristics  of  a  Dielectrically  Loaded 
Ridge  Waveguide. 
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Fig.  3 :  Bilateral  Finlines  in  Rectangular  and  Circular  Waveguide 
Enclosures. 
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Fig.  1(b):  Characteristic  Impedance  and  Losses  of  a  Dielectrically 
Loaded  Ridge  Waveguide  tanS=2*i04,p=3*lO-®Ohm  m 


Fig.  2 :  Dispersion  Characteristics  of  a  Ridged  Bilateral  Finline 
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3000 

12.20 

11.80 

11.60 

11.60 

11.60 

13.30 

12.30 
11.90 
11.80 
11.70 

13.30 

12.30 
11.90 
11.80 
11.70 

13.00 

12.40 

12.10 

11.95 

11.95 

15.10 
13.30 
12.50 
12.25 

12.10 

13.90 

13.1S 

12.55 

I2.2S 

12.10 

12.30 

11.80 

11.60 

11.60 

11.40 

13.85 

12.45 

12.00 

11.95 

11.60 

13.60 
12.45 
11.90 
12.10 

11.60 

Table  I :  Cutoff  frequencies  of  a  Bilateral  Finline  in  Rectangular 
Waveguide  Housing  a  =7.1 12  mm  t.«2.2. 

(a),  (b)  w  *»  h  *  0.71 12  mm  (c)  w  »  h  «  0.688  mm 


ORADINO  RATIO 
N 

CPU  TIME 
(mlAtts) 

GRID  SIZE 

1:1 

12 

52x27 

6 

33x21 

5:l 

3 

22x16 

Table  II :  Comparison  of  Computer  Run  Time  for  different  Grading  Ratios 


METALLIZATION 

NO.  OF 

FREQUENCY  (OHi)  | 

THICKNESS  (mm) 

ITERATIONS 

Ey 

Hx 

Hi 

1000 

9.53 

10.60 

10.40 

0.0 

1500 

9.265 

9.81 

9.655 

2000 

9.18 

9.50 

9.39 

9  16 

9.30 

9.32 

0.085 

2500 

9.11 

KEMi 

Table  III :  Cutoff  frequencies  of  a  Bilateral  Finline  in  Circular 

Waveguide  Housing  (Wc33).  er ■  2.2,  w  =  h»  1.53mm 


SYMMETRY 

CONDITIOHS 

TLM 

METHOD 

FINITE  ELEMENT 
METHOD 

XX 

YT 

Fin!  mod* 
(OHi) 

3*eoz4mod* 

(OHi) 

Flat  mod* 

(O  HO 

5*com  rooci 
(OHi) 

•betrie 

ZTMCIttfc 

9.26 

37.116 

9.266 

37.795 

OtfUltlC 

.Itctric 

12.46 

21.816 

13.346 

22.576 

•Itctric 

•be  trie 

12.55 

33.875 

13.789 

34.683 

JMCDtfc 

mtenetic 

21.916 

- 

22.639 

- 

Table  IV :  Higher  order  mode  cutoff  frequencies  of  a  Bilateral 
Finline  in  Circular  Waveguide  Housing  (WC  33) 
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ABSTRACT 

A  new  phenomenon  of  coflow  coupling  between 
guided  waves  of  opposite  polarizations  has  been 
discovered.  Numerical  results  are  given  to 
illustrate  the  effect  of  polarization  conversions 
on  guiding  characteristics  of  dielectric  strip 
waveguides. 


INTRODUCTION 

Dielectric  strip  waveguides  belong  to  the 
class  of  open  structures  with  inhomogenous 
dielectrics.  Such  a  class  of  waveguides  supports 
only  hybrid  modes,  which  can  be  considered  as 
consisting  of  basic  TE  and  TM  polarized  surface 
wave  inodes  being  coupled  together.  The  guiding 
characteristics  of  dielectric  strip  structures 
have  been  analyzed  in  the  literature! 1 ,2,3,4]  and 
many  methods  of  analysis  have  been  employed.  In 
particular,  the  effective-dielectric-constant 
method  is  simple  to  use  for  obtaining  approximate 
results.  On  the  other  hand,  the  method  of  mode 
matching  provides  an  exact  formulation  of  the 
dielectric  strip  waveguides  as  a  rigorous 
electromagnetic  boundary-value  problem.  Although 
it  requires  elaborate  numerical  computations  which 
are  rather  time  consuming,  the  exact  formulation 
yields  more  accurate  data  on  the  waveguiding 
characteristics.  More  Importantly,  it  is  based  on 
a  set  of  basic  guided  modes  which  are  well 
understood,  so  that  any  wave  phenomenon  taking 
place  in  a  structure  can  be  easily  predicted  and 
clearly  explained.  For  example,  by  such  a  method, 
the  phenomenon  of  energy  leakage  from  a  uniform 
dielectric  waveguide  had  been  predicted  on  the 
basis  of  polarization  conversions[3,4]  taking 
place  at  boundary  discontinuities  in  a  waveguide 
structure. 

In  this  paper,  we  report  a  new  phenomenon  of 
strong  coflow  in  a  uniform  dielectric  waveguide, 
such  a  new  phenonmenon  arises  also  from  the 
polarization  conversions  at  the  boundary 
discontinuities  in  a  dielectric  waveguide,  as  the 
phenomenon  of  energy  leakage  mentioned  above.  By 
a  proper  design  of  the  waveguide,  a  TE  and  a  TM 
mode  may  propagate  at  the  same  velocity  along  the 
structure.  Due  to  the  inherent  process  of 
polarization  conversions,  these  two  modes 
propagating  in  the  same  direction  are  coupled 
under  the  phase-matching  condition.  As  a  result, 
a  strong  coflow  coupling  occurs  between  guided 
waves  of  opposite  polarizations,  and  the 
dispersion  characteristics  are  thus  substantially 


modified.  Furthermore,  in  the  region  of  strong 
coflow  interaction,  the  polarization  of  a  guided 
wave  can  not  be  clearly  defined.  Such  a 
phenomenon  could  cause  undesirable  effects  in  a 
practical  system  where  the  mode  purity  is 
important.  The  practical  implications  of  such  a 
phenomenon  remains  to  be  explored. 


FORMULATION 

The  cross-sectional  geometry  of  a  rib 
waveguide  is  shown  in  Fig.  1.  It  consists  of  a 
cover  region  of  infinite  extent  and  with  a 
dielectric  constant  e  ;  a  guiding  region 
consisting  of  a  uniform0  film  and  a  rectangular 
rib,  with  a  dielectric  constant  e,;  a  uniform 
buffer  layer  with  a  dielectric  constant  eb;  and 
finally  a  substrate  region  of  infinite  extent  and 
with  a  dielectric  constant  e  .  Such  a  structure 
may  be  treated  as  a  three  dimensional  boundary 
value  problem  to  determine  the  propagation 
characteristics  of  waves  guided  by  the  structure. 
The  boundary-value  problem  can  be  formulated  in 
two  steps:  (1)  determining  a  general  solution  for 
each  constituent  region  that  comprises  the 
cross-section  of  the  structure  and  (2)  matching 
the  continuity  conditions  of  tangential 
electromagnetic  fields  on  the  boundaries 
separating  the  constituent  regions.  The  guiding 
characteristics  can  then  be  determined  by  the 
eigenvalues  of  the  boundary  value  problem. 

For  the  class  of  structures  under 
consideration,  the  cross-section  of  a  waveguide 
may  be  divided  into  subregions  in  such  a  way  that 
each  constituent  subregion  can  be  taken  as  a 
planar  waveguide  by  itself.  Therefore,  the 
general  solution  for  each  constituent  region  may 
be  represented  as  a  superposition  of  a  complete 
set  of  mode  (eigen)  functions  of  the  planar 
waveguide.  Since  the  structure  is  of  the  open 
type,  the  complete  set  of  mode  functions  consists 
of  those  of  both  discrete  and  continuous  spectrum. 
The  formulation  of  the  boundary-value  problem  for 
the  open  structure  generally  leads  to  an  integral 
equation  from  which  the  guiding  characteristics  of 
the  waveguide  are  determined.  Since  the 
electromagnetic  energy  of  a  guided  wave  is  mostly 
confined  in  the  vicinity  of  the  rib  and  decays 
exponentially  in  the  vertical  direction  in  the 
cover  and  substrate  regions,  we  may  place  the 
dielectric  waveguide  Inside  a  metallic 
parallel-plate  waveguide.  In  doing  so,  the 
structure  is  open  horizontally  but  closed 
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vertically,  resulting  in  a  semi-open  dielectric 
waveguide.  Such  a  structure  may  be  divided 
laterally  into  subregions,  each  of  which  can  be 
considered  as  a  metallic  parallel-plate  waveguide 
filled  with  multilayer  dielectrics.  The  modes  of 
a  parallel-plate  waveguide  are  discrete  and  the 
boundary-value  problem  of  the  semi-open  dielectric 
waveguide  will  then  lead  to  a  system  of  linear 
equations,  instead  of  an  integral  equation  in  the 
case  of  an  open  structure.  The  system  of  linear 
equations  is  relatively  easier  to  handle  than  the 
Integral  equation.  Therefore,  in  this  work,  our 
analysis  is  based  on  the  s-uni-open  dielectric 
waveguides,  instead  of  the  open  ones. 
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NUMERICAL  RESULTS 

To  illustrate  the  new  phenomenon  of  coflow 
coupling,  we  have  carried  out  an  analysis  of  the 
structure  shown  in  Fig.  1.  By  the  simple  method 
of  effective  dielectric  constant,  the  approximate 
propagation  characteristics  of  the  waveguide  are 
computed,  and  the  results  are  shown  in  the  form  of 
dispersion  curves  in  Fig.  2,  with  the  structure 
parameters  indicated  therein.  These  numerical 
results  are  shown  here  for  two  purposes:  (l)They 
provide  an  easy  way  of  predicting  the  occurrence 
of  the  new  phenomenon  of  strong  coflow  coupling. 
(2)  They  are  used  as  initial  values  for  the 
analysis  by  the  elaborate  method  of  mode  matching. 
It  is  pointed  out  that  in  Fig.  2,  the  region 
enclosed  by  a  box  marked  by  A  contains  an 
intersection  between  dispersion  curves  for  TE2j 
and  TM. .  modes  which  belong  to  the  same  symmetry 
configuration  of  the  fields.  Physically,  these 
two  modes  may  exist  simultaneously  in  the  same 
bisected  structure,  with  almost  equal  phase 
constants.  From  the  coupled-mode  theory[lJ,  a 
strong  interaction  may  occur,  if  the  two  modes  are 
coupled.  As  pointed  out  earlier,  the  modes  of 
dielectric  waveguides  are  hybrid  and  the 
polarization  conversions  taking  place  at  boundary 
discontinuities  of  a  dielectric  waveguide  provide 
the  coupling  mechanism  that  results  in  the 
previously  unexpected  phenomenon  of  strong 
interaction  between  the  two  modes.  By  the  exact 
method  of  mode  matching  that  includes  both  TE  and 
TM  surface  waves,  the  propagation  characteristics 
of  the  same  waveguide  are  computed  and  the  results 
are  depicted  in  Fig.  3.  It  is  observed  that 
although  numerically  different,  the  general 
behaviors  of  the  dispersion  curves  so  obtained 
resemble  those  obtained  by  the  simple  effective 
dielectric-  constant  method  as  shown  in  Fig.  2. 
However,  in  the  region  enclosed  by  Box  A,  the 
dispersion  curves  are  changed  markedly  in 
character,  as  exhibited  in  the  inset.  In  contrast 
to  those  in  Fig.  2,  the  two  dispersion  curves  do 
not  cross  over  each  other.  This  means  physically 
that  the  two  modes  are  strongly  coupled  and 
original  designations  of  TE£j  and  TMjj  modes  lose 
their  meanings  in  this  region. 
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Fig.  X  Geometrical  configuration  of  rib  waveguide 
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ABSTRACT 

An  open  cavity  model  is  developed  to  analyse 
end  effects  of  slot  line.  Both  the  reactance  and 
radiation  effects  are  taken  into  account.  The  nu¬ 
merical  results  are  compared  with  the  published 
data. 

INTRODUCTION 

Slot  line  is  a  transmission  medium  for  micro¬ 
wave  and  millimeter  wave  applications.  Mich  work 
lias  been  done  for  its  guided-wave  properties  [1] 

[2].  Only  few  work,  however,  has  contributed  to  its 
discontinuities,  such  as  step  or  shorted  end.  A 
slot  line  shorted  end  is  needed  to  build  slot  line 
transitions  or  filters.  As  far  back  as  1973,  ex¬ 
perimental  characteristics  of  a  slot  line  shorted 
end  have  been  reported  by  Knorr  et  al  [3],  Until 
last  year  no  theoretical  work  was  presented.  Yang 
et  al  [4]  (5]  reported  their  results  about  slot  line 
shorted  end  by  dynamic  model. 

In  this  paper  an  open  cavity  model  is  presented 
for  analysing  shorted  end  of  slot  line.  The  reac¬ 
tance  and  radiation  effects  are  both  considered.  The 
numerical  results  show  that  the  reactance  parts  of 
the  end  effects  by  cavity  model  agree  well  with  that 
in  [4]  [5]  and  radiation  resistances  are  different 
from  that  in  [5]. 

CAVITY  MODEL  FOR  SLOT  LINE  SHORTED  END 

Tie  slot  line  cavity  is  shown  in  Fig.  1,  which 
is  composed  of  a  uniform  slot  line  with  two  shorted 
ends.  Tne  equivalent  circuit  for  it  is  shown  in  Fig. 
2,  As  well  known,  resonance  frequency  of  this  cavity 
is  a  complex  value,  because  of  radiation  losses,  and 
can  be  denoted  as 

03  =  <or  +  ji^ 

where  cor  is  the  oscillation  frequency  of  the 
cavity. 


stands  for  losses. 

For  a  half-wave  cavity  the  normalized  equiva¬ 
lent  reactance  can  be  found  from  following  expres¬ 
sion 

X  =  j  tg 

where  is  the  propagation  constant  at  o)  = 
cAr  for  uniform  slot  line. 


The  radiation  resistance  R  can  be  found  by 
following  procedure. 

It  is  known  that  the  power  losses  caused  by 
radiation  from  one  end  in  this  cavity  can  be 
written  as 

P  =  WUi  (1) 

where  W  is  the  stored  energy  in  the  cavity. 

On  the  other  hand,  the  group  velocity  is  de¬ 
fined  as 


°  E 

where  Pf  is  the  power  flew  on  the  entire 
cross-section. 

E  is  the  energy  per  unit  length. 

W  can  he  expressed  as 

W  =  2EL’  (3) 

The  reflection  cofficient  [~  at  the  end  plane, 
with  the  eqs.  (1),  (2)  and  (3)  considered,  can  be 
related  to: the1 equations 

1_|  f”  I2  =  -p~r  = 

in  =  i  -£r  i 

where  Y  =  -g-  + 

It  is  evident  that  radiation  resistance  can  be 
found  from  the  two  previous  equations  once  X  has 
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been  known. 

The  complex  resonance  frequency  of  slot  line  ca¬ 
vity  can  be  determined  by  a  full-wave  analysis  method 
[6].  In  this  method  the  two-dimensional  Fourier 
transformation  is  taken  to  solve  Helmholtz  equation, 
and  then  form  characteristic  equation.  It  is  noted 
that  only  the  complex  frequency  can  be  considered  as 
its  solution. 


NUMERICAL  RESULTS 

Fig.  3  is  the  normalized  reactance  of  slot  line 
shorted  end,  which  is  agreement  well  with  [5].  Fig.  4 
is  its  normalized  resistance.  The  results  by  cavity 
model  show  that  the  radiation  effects  are  less  signi¬ 
ficant  than  the  results  from  [5]. 

ACKmCEDGMEOT 

The  author  thanks  Prof.  S.-F.  Li  for  preparing 
this  manuscript. 

REFERENCES 

[1]  S.  B.  Cohn,  "  Slot-line  on  a  dielectric  substrate 
",  IEEE  Trans,  Vol.  MIT-17,  1969,  pp.768-778 

[2]  T.  Itoh  et  al,  "  Dispersion  characteristics  of 
slot  line  ",  Electron.  Lett.  Vol.  7,  1971,  pp.364 
-365 

[3]  J.  B.  Knorr  et  al,  "  End  effect  in  a  shorted  slot 
",  IEEE  Trans,  Vol.  MIT-21  1973,  pp. 579-580 

[4]  H.-Y.  Yang  et  al,  "  A  dynamic  model  for  micro- 
strip-slot  line  transition  and  related  structures 
",  IEEE  MTT-Symposiun,  U.S.A.  1987,  pp.773-775 

[5]  H.-Y.  Yang  et  al,  "A  dynamic  model  for  micro- 
strip-slr-c  line  transition  and  related  structures 
",  IEEE  Trans,  Vol.  MIT-36,1988,  pp.286-293 

[6]  T.  Itoh  et  al,  "A  full-wave  analysis  method  for 
open  microstrip  structures  ",  IEEE  Trans,  Vol. 
AP-29,  pp. 63-67,  1981 


Fig.  4 


247 


W5.8 


ANALYSIS  OF  MICROSTRIP  LINES  ON  FERRITE  AND  ANISOTROPIC  DIELECTRIC  SUBSTRATES 


M.R.M.L.  Albuquerque,  A.G.  d'Assuncao,  M.R.G.  Maia 
Electrical  Engineering  Department,  Federal  University  of  Rio  Grande  do  Norte 

Natal,  RN,  Brazil 


A.J.  Giarola 

School  of  Electrical  Engineering,  State  University  of  Campinas 
Campinas,  SP,  Brazil 


ABSTRACT 

Spectral  domain  analyses  of  microstrip  transmis¬ 
sion  lines  on  anisotropic  layers  are  presented.  Dielec 
trie  and  magnetic  anisotropies  are  considered.  The 
dyadic  Green's  function  in  a  matrix  form,  in  combina¬ 
tion  with  Galerkin's  method,  are  used  to  obtain  the 
propagation  characteristics  of  the  microstrip  on  fer¬ 
rite  and  on  anisotropic  dielectric  substrates.  Curves 
of  effective  permittivities  as  functions  of  frequency 
are  shown  for  microstrip  lines  on  anisotropic  dielec¬ 
tric  substrates. 


INTRODUCTION 

The  analysis  of  a  variety  of  planar  transmission 
line  structures  has  been  necessary  for  the  consolida¬ 
tion  of  microwave  and  millimeter  wave  integrated  circuit 
technology  [l]-[5].  The  initial  studies  were  dedicated 
to  the  analysis  of  planar  transmission  lines  on  iso¬ 
tropic  dielectric  substrates  [1].  The  need  of  a 
higher  precision  and/or  flexibility  in  circuit  designs 
at  microwave  frequencies  has  enhanced  the  study  of 
planar  transmission  lines  on  anisotropic  substrates. 
Both  dielectric  and  magnetic  anisotropies  have  been 
investigated. 

The  dielectric  anisotropy  in  planar  transmission 
lines  may  be  used  for  improving  the  design  of  coupled 
transmission  line  circuits  and  neglecting  its  existence 
may  lead  to  appreciable  errors  [2] ,  [3].  On  the  other 
hand,  the  magnetic  anisotropy  in  planar  transmission 
line  substrates  allows  the  design  of  non-reciprocal 
devices  in  a  compact  form,  of  easy  integration,  when 
compared  with  circuits  that  use  waveguides  loaded  with 
ferrite  rods  [4] ,  [5]. 

In  this  paper,  single  and  coupled  microstrip  lines 
on  dielectric  and  magnetic  anisotropic  substrates  are 
analyzed.  The  effective  permittivity  as  a  function  of 
frequency  is  shown  for  microstrip  lines  on  anisotropic 
dielectric  substrates. 

THEORY  AND  RESULTS 

The  dielectric  substrate  is  assumed  to  be  uniaxial, 
linear  and  homogeneous,  with  a  dielectric  permittivity 
tensor,  6  having  its  optical  axis  along  a  general  £ 
transverse  direction.  The  ferrite  substrate  is  assumed 
to  be  linear,  homogeneous,  and  magnetized  along  the 
propagating  z  direction  of  the  microstrip  line,  with  a 
permeability  tensor  u.  Losses  In  the  conductors  and 
anisotropic  substrates,  as  well  as  the  metal  thickness 
are  negleted.  A  harmonic  time  dependence  of  the  type 
exp(juL>  is  assumed  for  the  electric  and  magnetic 
fields. 

The  Hertz  potential  in  the  Fourier  transform 
spectral  domain,  proposed  by  Lee  and  Tripathi  (6j  for 
the  analysis  of  microstrip  lines  and  generalized  in 

[2],  is  used  here  for  the  calculation  of  the  dyadic 


Green's  function  in  a  form  of  an  impedance  matrix. 
This  function,  in  combination  with  Galerkin's  method, 
is  used  for  the  evaluation  of  the  main  characteristic 
of  the  structure.  The  effective  permittivity  as  a 
function  of  frequency  was  obtained  for  a  variety  of 
microstrip  lines  on  anisotropic  dielectric  substrate. 
As  an  example,  Fig.  1  shows  the  result  for  a  coupled 
microstrip  line  on  a  double  layer  anisotropic  sub¬ 
strate  consisting  of  boron  nitride  and  sapphire.  The 
upper  layer,  with  a  thickness  H2  is  sapphire,  while 
the  lower  layer  is  boron  nitride,  with  a  thickness 
Hj.  The  effective  permittivity  was  obtained  for  the 
even  and  odd  modes  and  for  Kj  +  H2  =  0.1  cm, 
Hj/H2  =  1.777,  spacing  between  strips  S  =  0.037cm  and 
and  values  of  metal  strip  widths,  w  =  0.075cm  and 
0. 105cm.  Note  that  at  a  frequency  near  20GH2  the  effective 
permittivity  for  the  odd  mode  is  the  same  for  both 
values  of  w  while  for  the  even  mode  its  value  is 
higher  for  the  wider  value  of  w. 
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ABSTRACT 

An  analysis  of  finlines  on  layered  biaxial  aniso¬ 
tropic  dielectric  substrate  using  the  finite  element 
method  is  developed.  The  spurious  modes  are  eliminated 
by  imposing  the  restriction  |V.h|2  d!5  =  0  to  the 
used  functional  with  a  consequent  reduction  of  matrix 
size  of  the  resultant  eigenvalue  problem.  The  basic 
formulation  is  presented  and  the  eigenvalue  equation 
for  the  calculation  of  the  effective  dielectric  con¬ 
stant  is  given. 

INTRODUCTION 

With  the  increment  of  activities  in  the  millimeter 
wave  technology  the  finlines  have  emerged  among  other 
alternatives  for  the  construction  of  millimeter  wave 
integrated  circuits  [1].  In  this  paper,  a  dynamic 
analysis  of  typical  finlines  on  transverse  non-homoge- 
neous  anisotropic  substrates  is  developed  using  the 
finite  elei  ent  method.  By  imposing  the  restriction 
| V . H | 2  dft  =  0  to  the  functional  associated  with  the 
vector  wave  function,  the  matrices  used  to  obtain  the 
eigenvalues  are  reduced.  These  eigenvalues  correspond 
to  the  inverse  of  the  effective  dielectric  constant 
and  the  eigenvectors  correspond  to  the  fields  configu¬ 
ration  for  the  respective  finline  modes. 

THEORY  AND  RESULTS 

From  Maxwell's  equations,  for  harmonic  time  depen¬ 
dent  electromagnetic  fields,  the  wave  equation  for  the 
magnetic  field  H  in  a  biaxial  anisotropic  dielectric 
medium  is  given  by 

Vx(p  .  V  x  H)  -  k2H  =  0  (I) 

where  k0  =  w2u0G0  is  the  free  space  wavenumber  and  p 
is  the  inverse  of  the  relative  permittivity  tensor: 

P  =  l;1  =  6_1/G0  (2) 

The  material  is  assumed  to  be  lossless  and  source 
free,  such  that  it  is  Hermitean: 

p*^  »  p  (3) 

In  addition,  a  non-magnetic  material  (ji  =  p0)  is 
assumed. 

The  boundary  conditions  are: 

nxp.  V  x  H  =  0  >onan  electric  boundary  (4) 

n  x  fl  =  0  ,  on  a  magnetic  boundary  (5) 


The  transverse  section,  0,  of  the  structure  is 
decomposed  into  a  summation  of  finite  elements.  The 
vector  magnetic  fields  in  each  element,  ft0,  are  inter 
polated  in  terms  of  the  nodal  values  of  the  magnetic 
fields  in  this  element  by  [2) 

{H(x,y,z)}e  =  [h’]eT  (K}e  exp(-jBz)  (6) 
where 


{N} 

{0} 

{0} 

[N]e= 

{0} 

{N} 

{0} 

{0} 

{0} 

j{N} 

{fi)eT  ■ 

■  [«* 

}6 

{Ky}6 

T 

and  {-}  denotes  a  transposed  matrix. 


The  variation  of  the  functional  of  the  wave  equa¬ 
tion  (1)  with  respect  to  the  nodal  variables  leads  to 
the  following  eingenvalue  problem  [2] 


[S]  05}  -  k2[T]  05}  =  {0} 

(9) 

From  (6)  and  with  the  restriction  /jj|V.H|2dfi,  the 
variation  of  the  functional  leads  to 

[B]  05}  =  {0} 

(10) 

The  spurious  modes,  one  of  the  most  serious 
difficulties  when  using  the  finite  element  method  [2] 
-  [5],  are  eliminated  with  the  restriction  (10). 

With  the  change  of  variables  x  =  6x  and  y  =  By 
one  obtains  [S]  =  [5)  and  [T]  =  (1/82)  [T],  such 
that  (9)  and  (10)  are  written  as 

[S]  05}  =  (k0/B)z  [T]  05} 

(11) 

[B]  {fi}  =  {0} 

(12) 

With  the  partition  of  (12)  one 

obtains: 

[BJttWt  +  [§)tz{fi)z  -  (0) 

(13) 

[BJzttfJt  +  [B]ZZ{R}Z  =  {0} 

(14) 

From  (14)  {R} z  is  obtained  cs 

05}z  =  [D]  {R)t  ,  with  [D]  = 

-  (B) — —  (B)zt 

However,  since, 

{h}c  =  [I]  05}t  +  [0]  05}z 

(15) 

(h}z  =  ID]  { R> t  +  [0]  {fi}2 

(16) 

the  following  is  obtained: 
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(KJ  =  [D]  {E}t 

[d]t  =  [(i]  [6]] 


(17) 

(18) 
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With  (17)  in  (11)  the  result  is: 


I 3] tt  (B)t  =  (l/6eff) 

mtt  (E}t 

(19) 

where,  6eff  =  (8/k0)2  is 

the  desired  effective 

di- 

electric  constant  and 

[SJtt  =  [D]T  [S]  [D] 

(20) 

[tlct  =  I»]T  [T]  ID] 

(21) 

Hq.  (19)  is  a  generalized  eigenvalue  matrix  prob 
lem  and  the  solutions  are  eigen-pairs  (l/®effi» 
{H} t±) »  i=l»  2,  ...  NN,  where  NN  is  the  total  number 
of  interpolation  modes  of  l56  solved  by 

means  of  appropriate  algorithms  [6]. 

We  should  note  that  the  condition  |v.H|2d!l  =  0, 
that  eliminates  the  spurious  modes,  is  implicitly 
included  in_(19)  and  that  the  final  size  of  matrices 
[S]tt  and  |T]ct  is  only  two  thirds  of  the  size  of 
matrices  [S]  and  [T]  that  appear  in  (11).  Thus,  the 
numerical  problem  is  substantially  reduced.  It  is 
important  to  note  also  that  all  values 
i  =  1,  2,  ...  NN,  may  be  obtained  using  (16). 
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ABSTRACT 

It  is  well  known  that  single-mode  behaviour 
of  plane  optical  waveguides  made  of  magnetoop¬ 
tical  materials  is  of  great  importance  in  the 

implementation  of  an  isolator-  In  this  work  we 
are  going  to  analyze  the  propagation  in  a  sin¬ 
gle  mode  magnetooptical  waveguide  by  means  of 
the  "Transfer  Matrix"  method,  which  can  be  di¬ 
rectly  applied  to  any  multi-layer  structure. 


INTRODUCTION 


(relative  values)  is 
f»«=5.0650989-n?  +j4.501  n± 

fv  =  (2.59155-j8. 57508)  10~4=  f‘y 

fHi  =  (3.56601+j6. 06350) 10-4= 

fj  =5.0650849-n2  tj4.501  n± 

f>t=(3. 51651-j6. 06350) 10-4= 

=5.0653476-n2  tj4.501  n± 


The  utility  of  optical  devices  working  at 
monomodal  regime  in  widely  known  (1).  A  multi¬ 
layer  structure  is  usually  required  in  order 
to  achieve  this  type  of  operation  (2).  So  far 
the  six-layer  guide  in  which  one  of  them  is 
highly  absorbent  seems  to  present  the  best  fea 
tures  (3) . 

The  structure  of  this  guide  is  as  follow: 
the  active  layer,  with  the  refractive  index  e- 
qual  to  nj,  is  placed  between  two  layers  with 
the  same  index  n2  (n.-n^ 0.001) .  The  lower 
layer  has  the  function  of  avoiding  the  funda¬ 
mental  modes  attenuation,  and  the  upper  layer 
is  set  to  mantain  the  guide  simmetry.  At  last 
a  highly  absorbent  layer  (n3)  is  placed  bet¬ 
ween  these  three  layers  and  the  substrate. 

Mode  coupled  theory  (4)  can't  be  applied 
in  the  analysis  due  the  existence  of  the  ab¬ 
sorbent  medium  and  a  numerical  method  is  re¬ 
quired.  In  this  work  the  'Transfer  Matrix' 
techniaue  has  been  used  (5,6,7). 

We  will  begin  the  analysis  with  the  study 
of  the  fundamental  modes  propagation  constants 
as  a  function  of  the  imaginary  part  of  the  ma^ 
netooptical  material  complex  index  in  a  wave¬ 
guide  formed  by  a  Bi-YIG  epitaxied  onto  an  iso 
tropic  substrate  of  GGG, 

Afterwards,  the  propagation  in  the  six-la¬ 
yer  magnetooptical  waveguide  will  be  studied, 
paying  a  special  attention  at  the  attenuation 
undergone  by  the  modes. 

PROPAGATION  IN  A  THREE-LAYER  MAGNETOOPTICAL 
WAVEGUIDE 


In  these  conditions,  the  eigenvalues  obtai. 
ned  throughtout  "Transfer  Matrix"  method  for 
the  fundamental  modes  are: 


ni 

TE 

TM 

o 

2.236025756095010 

2.234497700032020 

io-5 
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2.234497700032942 
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2.236024982430313 
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+jl.00177970*10-2 

SINGLE  MODE  MAGNETOOPTICAL  WAVEGUIDE 

We  will  analyze  the  structure  shown  in  Fi¬ 
gure  1 


Let  us  to  take  a  waveguide  formed  by  a  Bi- 
YIG  layer,  five  microns  thickness,  epitaxied 
onto  a  GGG  substrate,  which  refractive  index 
is  1,945  at  1.152  microns. 

The  Bi-YIG  refractive  index,  in  absence  of 
a  external  magnetic  field,  has  a  complex  value 
of  2. 25054- jn..  When  a  magnetic  field  induces 
an  internal  imanation  in  the  medium  (with  a  di 
rection  given  by  both  zenithal  and  azimuthal 
angles  of  45Q  degrees) ,  its  permitivity  tensor 


1 


n2=2.245 

3 

n1=2.2505 

5 

n2=2.245 

5/*"* 

n?=2.249tj0.01 

3 

t* _ _ 

1.945 

252 


where  the  active  layer  (n, )  is  the  same  that 
in  the  last  case.  We  will  cons iderer  attenua¬ 
tion  being  only  in  the  last  layer,  closed  to 
substrate. 

Under  these  conditions  effective  index («) 
values  for  zero  and  one  order  modes  are 

TE0  v=2. 249228544666399+ j2. 08610025 

TMq  ,*=2. 2492 7809 8520466+ j 8. 9 8 159 500 

TE1  *=2.245746253443725+j 1.19297992 

TMX  er=2.245771114716105+j 1.11161263 

From  these  valors  it  is  possible  to  show 
that  fundamental  modes  only  propagate  in  the 
active  layer  (n3  < Re(«0<n.) ,  whereas  upper  mo¬ 
des  travel  by  the  absorbent  layer  too. 

If  we  define  the  mode  attenuation  as 

20  log  exp |k0Im(<*)J 

where  k~  is  the  wave  number  in  the  vacuum  and 
Im(<x)  is  the  imaginary  part  of  effective  mode 
index  ,  it  can  be  seen  that  the  fundamental 
modes  undergo  0.1  dB/cm  of  attenuation,  and 
the  other  modes  of  5.23  dB/cm. 

CONCLUSIONS 

We  have  applied  the  transfer  matrix  method 
in  the  calculation  of  the  effective  index  de¬ 
pendence  with  the  attenuation  in  a  three-layer 
magnetooptical  slab  waveguide. 

Furthermore,  these  method  has  been  applied 
in  order  to  establish  the  monomodal  behaviour 
of  the  described  six-layer  waveguide.  In  a  nu 
merical  case,  an  attenuation  of  0.1  dB/cm  in 
the  fundamental  modes  and  of  5.23  dB/cm  for 
upper  order  modes,  has  been  obtained. 
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ABSTRACT 

Superconducting  films  have  been  shown  to 
be  very  sensitive,  broadband,  low  noise  infrared 
sensors.  Granular,  low  dimensional 
superconducting  films  of  Nb,  NbN,  Nbn/BN  as  well 
as  the  high  transition  temperature  cuprates  have 
been  studied  over  the  last  decade  and  shown  to 
have  unusual  physical  properties  that  make  them 
especially  suitable  for  use  as  mm-wave  and 
infrared  detectors,  in  this  paper,  this  work  will 
be  reviewed  with  an  eye  toward  projecting  the 
ultimate  utility  of  superconducting  sensors 


Superonducting  films  have  low  thermal 
mass  and  a  typically  large  value  of  the 
derivative  of  resistance  with  respect  to 
temperature  (dR/dT)  in  the  transition  region. 
This  in  general  makes  them  suitable  as 
bolometric  detectors  of  any  radiation  that  is 
coupled  into  them.  Granular  superconducting 
films  of  Nb  and  NbN  can  be  made  extremely  thin 
(<50  A),  so  that  the  their  heat  capacity  is 
vanishingly  small  at  low  temperatures,  with  a 
dR/dT  that  is  very  large  over  an  extended 
temperature  region  below  the  superconducting 
transition  temperature  Tc.  These  films  were 
shown  to  be  excellent  phonon  detectors  and  have 
been  used  for  many  years  to  look  at  phonon 
propagation  in  various  semiconductor  substrates 
[1  ].  These  detectors  were  sensitive  and  very 
fast  (<10-9  sec  response  time). 

Although  the  detectors  discussed  above 
were  very  useful,  they  were  difficult  to 
fabricate  because  each  one  had  to  be  made 
granular  by  a  tedious  anodization  process  that  is 
described  in  ref.  [1]  .  In  order  to  overcome  the 
fabrication  difficulties,  a  new  method  of 
detector  fabrication  was  invented  several  years 
aao  in  which  both  Nb  and  BN  are  cosputtered  unto 
a  heated  substrate  in  the  presence  of  a  mixed 
nitrogen  and  argon  plasma.  The  resulting  films 
were  a  phase  segrated  mixture  of  small  (<50A) 
superconducting  grains  of  NbN  surrounded  by  a 
matrix  of  amorphous  BN  [2J.  These  new 


materials  were  not  only  useful  as  phonon 
detectors  but  were  shown  to  be  very  fast  and 
very  sensitive,  broadband  detectors  of  infrared 
radiation  [2].  The  response  of  these  granular 
films  to  radiation  is  quite  complicated  involving 
both  a  bolometric  response  in  the 
superconducting  transition  region  as  well  as  a 
non-bolometric  response  at  lower  temperatures 
that  is  certainly  related  to  the  weak  coupling  of 
the  superconducting  grains  and  the  tenuous 
nature  of  the  overall  phase  coherence  that  exists 
only  at  low  temperatures.  It  also  turns  out  that 
these  materials  are  better  absorbers  of  far 
infrared  radiation  then  one  might  have  expected 
from  the  homogenous  form  of  the  Bardeen- 
Cooper-Schrieffer  (BCS)  theory  as  used  to 
calculate  infrared  absorbtion.  The 
inhomogenoeous  nature  of  these  materials 
drastically  effects  their  infrared  properties  as 
was  clearly  shown  in  Ref.  [3], 

With  this  background  in  granular  detectors 
utilizing  the  more  conventional  lower  transition 
temperature  superconductors,  we  have  been 
studying  the  properties  of  films  of  the  new  high 
transition  temperature  cuprates  as  they  relate 
to  infrared  detectors.  We  recently  discovered 
that  off  stoichiometric  films  of  Y-Ba-Cu-0 
deposited  on  sapphire  will  respond  to  optical  and 
infrared  radiation  both  bolometrically  and  non- 
bolometrically  in  analogy  with  the  NbN/BN 
materials  [4].  In  the  course  of  our  detailed  study 
of  both  the  NbN/BN  and  the  Y-Ba-Cu-0  materials 
we  discovered  that  the  photoconductive  response 
at  low  temperatures  could  be  significantly 
enhanced  by  the  application  of  a  moderate 
magnetic  field  [5].  This  enhancement  must  be 
due  to  the  very  strong  effect  that  a  magnetic 
field  has  on  the  phase  difference  of  the 
superconducting  wave  function  from  grain  to 
grain.  In  fact,  these  materials  often  behave  like 
a  very  large  array  of  Josephson  junctions. 

In  summary,  granular  superconducting 
films  have  been  shown  to  be  excellent 
photoconductors  in  the  optical  and  infrared 
portions  of  the  electromagnetic  spectrum  and 
may  in  some  cases  be  the  detectors  of  choice  for 
their  broadbandedness  or  their  response. 
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Medford,  Massachusetts  02155 


ABSTRACT 


Far-Infrared  reflectivity  technique  over  the  wavenumber  region  10  -  800  per 
centimeter  was  utilized  to  observe  the  surface  reflection  of  a  Y-Ba-Cu-0  high 
temperature  superconductor  specimen.  The  specimen  was  introduced  inside  a  liquid 
helium  dewar,  the  tail  of  which  passes  through  a  two  inch  bore  Bitter  solenoid  high 
intensity  d.c.  magnet. 


FAR  INFRARED  REFLECTIVITY  OF  CERAMIC  HIGH-T  SUPERCONDUCTORS 

c 

AND  OF  AN  ORIENTED  YBa^u.^  THIN  FILM 

K.F.  Rerik,  W.  Ose,  J.  Schutzmann,  T.  Zetterer,  H.H.  Otto,  and  J.  Keller 
Fakultat  Physik,  Universitat  Regensburg,  8400  Regensburg,  FRG 

B.  Roas  and  L.  Schultz 

Siemens  AG,  Research  Laboratories,  8520  Erlangen,  FRG 

A  far  infrared  study  for  ceramic  high-Tc  superconductors,  Tl2Ba2CaCuo0g  and  YBa2CUg07,  and 
for  an  oriented  YBa2Cu207  thin  film  is  reported.  We  present  for  the  ceramics,  that  consist 
of  strongly  anisotropic  crystallites,  a  new  method  of  analysis  that  allows  to  extract  prop¬ 
erties  of  phonons  and  of  charge  carriers.  We  find  that  the  dynamical  conductivity  of  both 
the  ceramics  and  the  film  in  the  normal  state  can  be  described  by  Drude's  theory.  The  re¬ 
flectivity  of  the  film  in  the  superconducting  state  corresponds  to  a  Mattis-Bardeen  like 
behavior  with  an  energy  gap  2d(0)/kTc  =  4.2. 

Far  infrgred  reflectivity  studies  have  been  performed  for  ^egamic  samples  of  La2_x(Ba,£>r)xCuO/i_ 
YBa^CujO^,1  5  and  Bi^Sr^CaCu-Og,  and  for  YBa^Cu.O^  thin  films  ,8  and  mosaics  of  crystals,  however^  there 
is  not  yet  a  clear  understanding  of  the  dynamical  properties  of  the  high-T  superconductors.  In  this  paper 
we  report  on  a  study  of  a  Tl2Ba2CaCu20g  ceramic  sample  and  of  a  YBa2Cug07  ceramic  sample  and  we  present  a 
new  method  of  analysis  of  far  infrared  reflection  spectra  of  ceramic  samples.  Furthermore,  we  report  on  a 
study  of  an  oriented  YBa2Cug07  thin  film. 

We  have  prepared  and  analyzed  ceramic  samples  according  to  standard  procedur^g.  An  oriented  YBa2CUg07 
thin  film  was  prepared,  on  a  SrTiO^  substrate,  by  a  laser  evaporation  technique.  The  far  infrared  re¬ 
flectivity  was  determined  by  use  of  an  infrared  Fourier  spectrometer. 

Experimental  reflection  spectra  for  ceramic  T^BajCaC^Og  are  shown  in  Fig.  1.  The  reflectivity  has  a 
high  level  at  small  frequencies  and  decreases  to  a  lower  level  at  large  frequencies.  At  very  large  fre¬ 
quencies  diffuse  reflection  sets  in  (inset).  There  is  pronounced  phonon  structure,  with  narrow  reflection 
minima  at  small  frequencies  and  a  Reststrahlen  like  behavior  at  large  frequencies. 

The  reflectivity  of  YBa2Cug07  (Fig.  2)  shows  a  similar  behavior.  The  reflectivity  drops  from  a  high  lev¬ 
el  at  small  frequencies  to  a  low  level  at  high  frequencies.  Phonons  appear  also  as  minima  at  small  frequen¬ 
cies.  At  large  frequencies  the  structure  is  less  pronounced. 

Both  spectra  have  in  common  that  the  reflectivity  increases  with  decreasing  temperature  and  that  the  pho 
non  structure  becomes  more  pronounced  at  low  temperature.  Superconductivity  is  indicated  by  an  increase  of 
reflectivity  at  small  frequencies  at  temperatures  below  T  . 

For  an  analysis  of  the  reflection  spectra  we  take  into  account  that  the  ceramic  samples  consist  of 
strongly  anisotropic  crystallites.  A  crystallite  appears  metallic  if  the  electric  field  vector  E  of  the  radi 
ation  is  perpendicular  to  the  crystal  c-axis,  but  it  appears  dielectric  for  EUc.  This  leads  us  to  a  new 
model:  A  metal  ceramics  can  be  described  as  a  metal  plate  that  jjntains  holes  fijled^wigh  dielectric  materi¬ 
al.  We  can  describe  the  hole  regions  by  the  dielectric  constant11  e  =  +  l  S.v;  (vf-v  -iT.v)  -  v  /Ad'4 

where  the  first  term  describes  the  high-frequency  dielectric  constant,  the  second  term  the  phonon  resonances 
for  Eflc  (S.  =  strength,  v.  =  eigenfrequency,  T.  =  damping  constant,  v  =  frequency),  and  the  third  term  the 
influence  ^f  the  structurJ  (d  =  dimension  of  a ''square  shaped  hole).  A  theoretical  curve,  with  two  phonon 
resonances,  is  shown  in  Fig.  3;  two  third  of  the  material  is  assumed  to  be  metallic  with  a  reflectivity  of  1 
At  small  frequencies  the  structure  is  almost  totally  reflecting  and  has  a  cutoff  frequency  (with  a  cutoff 
wavelength  v  =  2nd  where  n  is  the  refractive  index  of  the  dielectric  medium).  At  large  frequencies  the  re¬ 
flectivity  has  a  lower  level.  A  phonon  resonance  appears  below  the  cutoff  as  a  narrow  reflection  minimum  and 
ahmm  the  cutoff  as  a  Reststrahlen  like  band. 


Fig.  1  For  infrared  reflectivity  of  Fig.  2  Far  infrared  reflectivity  of 

TloBa_CaCu_0Q  (T  =  105  K).  YBa.Cu_07  (T  =  86  K). 
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Using  our  model,  taking  into  account  more  than  two  phonon 
resonances  and  also  finite  conductivity,  ve  found  a  charac¬ 
teristic  dimension  d  =  8  pm  for  TljBa^CaCu^Og  and  a  dynamical 
(low-frequency)  resistivity  (=  300  pOcm)  comparable  to  the  dc 
value  (=  150  pOcm).  Similar  results  were  obtained  for 
YBa^CugO^;  however,  for  this  material  it  has  to  be  taken  into 
account  that  a  weak  conductivity  occurs  also  for  Elc,  thus 
leading  to  a  smearing  of  the  phonon  structure  above  cutoff. 

For  the  phonons  we  find  similar  strengths  (S  =  1)  for  the  Ba 
vibrations  (near  150  cm  A)  and  for  characteristic  Cu-0  vibra¬ 
tions  (near  300  cm  and  600  cm  A).  The  conductivity  for  Eic 
(for  T  >  T  )  can  be  described  by  Drude's  dynamical  theory  of 
conductivity. 

Reflection  spectra  of  YBa^Cu.O^  thin  films  are  shown  in 
Figs.  4  and  5.  We  can  describe  tne  reflectivity  in  the  normal 
state  by  Drude's  Jheory  (solid  lines)  with  a  conductivity 
o  =  0q  (1-iv/v^)  whjre  is  the  low  frequency  conductivity. 
We  find  values  for  (inset  of  Fig.  5)  that  correspond  al¬ 
most  to  the  dc  values  (on  =  60  pficm  at  100  K).  Our  results  in¬ 


The  reflectivity  in  the  superconducting  state  can  be  de- 
scribed  (dashed  in  Fig.  4)  by  the  theory  of  Mattis  and  Bardeen, 
with  2A(0)/kTc  =  4.2;  this  value  is  characteristic  also  for  other  strong  coupling  superconductors.  The  re¬ 
flectivity  is,  however,  smaller  than  1  still  below  the  assumed  gap  frequency  (at  300  cm  ;,  possibly  because 
of  remaining  imperfections  of  our  (high  quality)  film. 

The  work  was  supported  by  the  Bundesministerium  fur  Forschung  und  Technologic. 
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dicate  furthermore  that  v^  increases  proportional  to  the  temper¬ 
ature.  For  100  K  we  find  v  =  2700  cm  ,  which  corresponds  to  a 
mean  free  path  of  about  20  A. 


Fig.  3  Calculated  reflectivity  for  a 
metallic  structure  with  dielec¬ 
tric  holes;  jhonon  resonances 
v.  =  143  cm  ,  v~  =  570  cm  , 
s:  =  s„  =  o.8,  r  /v.  =  0.05. 


Fig.  4  Far  infrared  reflectivity  of  an 
oriented  YBa2Cu20^  thin  film  (a) 
and  reflectivity  ratio  (b). 


Fig.  5  Infrared  reflectivity  of  the 
YBa^CUjOy  film. 
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FAR  INFRARED  OPTICAL  PROPERTIES  OF  HIGH  Tc  SUPERCONDUCTORS 
LnBagCu^O,,  (  Ln  =  Y,  Ho,  Er,  Sm,  Gd,  Dy,  Eu,  Pr  } 

S.  Onari,  T.  Hiroaki,  A.  Ono,  S.  Hidaka  and  T.  Aral 


Institute  of  Applied  Physics,  University  of  Tsukuba, 
Tsukuba  305,  Japan 


ABSTRACT 

Systematic  measurements  of  the  far  infrared  reflec¬ 
tion  spectra  of  high  Tc  superconductors  LnBa2Cu30y 
for  various  Ln  as  shewn  in  the  title  were  performed. 
Infrared  reflection  spectra  of  tetragonal  LnBapCujO., 
exhibit  Reststrahlen  vibration  at  640,  590.  53H,  355 
and  250  cm-!,  common  to  these  materials,  and  the 
spectra  of  the  orthorhombic  LnBapCujOj^  exhibit  the 
characteristics  of  free  carriers  except  Pri^Cu^Oy 
with  weak  phonon  structures  at  617,  570,  317  and  285 
cm-1.  PrBa2Cu30x  is  not  a  superconductor,  and  it  hr.s 
no  characteristic  broad  band  due  to  free  carriers  for 
all  x  in  the  range  of  6  to  7. 


INTRODUCTION 

Ever  since  Bednorz  and  Muller  reported  the  possible 
existence  of  a  percolative  superconductivity  in  La-Ba- 
Cu-0  system  in  the  30  K  range,  Y-Ba-Cu-0,  Ho-Ba-Cu-0, 
Er-Ba-Cu-0  and  so  on  were  found  to  be  high  temperature 
superconducting  materials.  The  crystal  structure  of 
these  materials  has  been  studied  in  detail,  and  the 
main  difference  between  the  orthorhombic  and  tetrago¬ 
nal  structures  is  related  to  the  oxygen  concentration 

m. 

Study  of  the  lattice  vibration  and  the  free  carriers 
is  important  for  understanding  the  physical  nature  of 
the  high  Tc  superconductors.  Infrared  reflection  spect¬ 
rum  of  the  orthorhombic  YBa2Cu30x  has  been  reported  by 
Bonn  et  a1.[2],  and  that  of  the  tetragonal  Y8a2Cu30x 
has  been  reported  by  Onari  et  al.[3j.  Infrared  spectra 
of  YBa2Cu30x  and  so  on  for  various  oxygen  concentration 
have  been  studied  [4-10]. 

In  this  report  infrared  reflection  spectra  of  the 
tetragon'll  and  orthorhombic  LnBa2Cu30x  (  Ln  =  Y,  Ho, 

Er,  Sm,  Gd,  Dy,  Eu,  Pr)  are  reported  systematically, 
and  phonon  structures  are  discussed. 

EXPERIMENTAL 

Properly  weighted  mixed  powder  of  Ln203,  BaC03  and 
CuO  is  sintered  at  930°C  for  24  h  in  the  air.  After 
it  is  pulverized,  pellets  of  10  mm  diameter  with  a 
thickness  of  ca.  1  mm  are  made  by  a  4  ton  press.  The 
sample  pellets  with  tetragonal  crystal  structure  are 
obtained  by  quenching  the  pellets  into  the  liquid 
nitrogen  after  sintering  at  930°C  for  24  h.  The  sample 
pellets  with  orthorhombic  crystal  structure  are  obtai¬ 
ned  as  follows.  The  pellets  are  first  sintered  at  930°C 
for  4  h  and  then  they  are  annealed  again  at  500°C  for 
20  h  before  they  are  cooled  in  the  air. 

Infrared  reflection  spectra  from  the  surfaces  which 
are  polished  with  carborandom  #1200  and  finished  with 
1  pm  alumina  were  measured  by  Digilab  Fourier  transform 
spectrometer  FTS  16B. 

The  X-ray  diffraction  patterns  are  measured,  and  the 
samples  which  are  sintered  at  930°C  and  quenched  into 
liquid  nitrogen  exhibit  a  tetragonal  structure. 


fhe  samples,  which  are  cooled  after  sintering  at  500 
°C,  exhibit  the  different  lattice  constants  a  and  b, 
and  fhese  are  shown  to  be  in  the  orthorhombic  struc¬ 
ture. 

RESULTS  AND  DISCUSSION 

In  Fig.  1,  the  infrared  reflection  spectra  of  the 
tetragonal  and  orthorhombic  Smp  iCu30x,  GdBa2Cu30x, 
DyBa2Cu30x,  Pr8a2Cu30x,  YBa2Ci_  x  and  EuBa2Cu30x  are 
shown.  The  tetragonal  polycrystalline  samples  of 
SmBa2Cu30x,  CdBa2Cu30x,  DyBa2Cu30x,  YBa2Cu3Ox  and 
EuBa2Cu30x  have  the  structures  in  reflection  spectra 
at  640,  590,  530,  355  and  250  cm-1  coninon  to  these 
materials,  and  the  orthorhombic  polycrystalline  samp¬ 
les  have  rather  smaller  structures  in  the  reflection 
spectra  at  630,  570,  317  and  285  cm-1  also  common  to 
these  materials. 

The  difference  between  tetragonal  and  orthorhombic 
LnBa2Cu30x  is  strongly  correlated  with  the  oxygen 
concentration  x  [1].  The  occupation  probability  of 
oxygen  on  (0, 1/2,0)  site  is  reported  for  YBa2Cu30x 
to  be  ca.  80%  at  400°C  and  ca.  65%  at  600°C,  and  that 
on  (0, 1/2,0)  site  is  ca.  13%  at  the  temperature  above 
900°C. 

The  infrared  active  vibration  bands  at  590,  355 
and  250  cm-1  which  are  observed  in  the  tetragonal 
structure  disappear  in  the  orthorhombic  structure 
coimion  to  SmBa2Cu30x,  GdBa2Cu30x.  DyBa2Cu30x  and 
EuBa2Cu30x,  and  new  vibration  bands  appear  at  317 
and  285  cm-1  in  the  orthorhombic  structure. 

As  the  oxygen  concentration  is  changed  largely 
with  the  orthorhombic-tetragonal  structure  change, 
these  experimental  facts  suggest  that  the  infrared 
active  bands  at  590,  355  and  also  at  250  citH  are 
strongly  influenced  by  the  oxygens  around  the  Cu  atom 
which  is  surrounded  by  four  Ba  atoms. 

Tetragonal  PrBa2Cu30x  has  the  structures  at  640, 
540,  355  and  250  cm-1.  The  orthorhombic  PrBa2Cu30x 
shows  no  superconductivity,  and  corresponding  to 
these  fact,  the  infrared  reflection  spectra  shows  no 
broad  band  due  to  free  carriers.  Therefore,  the  scr¬ 
eening  effect  on  the  vibration  by  the  free  carriers 
is  eliminated  for  the  orthorhombic  PrBa2Cu30x. 

The  mass  of  Sm,  Gd,  Dy  and  Eu  atoms  is  about  1.9 
times  larger  than  that  of  Y  atom,  however,  the  reflec¬ 
tion  spectra  cf  the  tetragonal  and  also  orthorhombic 
YBa2Cu3Ox,  SmBa2Cu30  ,  GdBa2Cu,0  ,  EuBa2Cu,0  are 
quite  similar  in  snape  and  wave  number  of  the  vibra¬ 
tion  modes  to  each  other.  These  quite  interesting 
experimental  results  suggest  that  the  vibration  of 
Y,  Sm,  Gd,  Eu  and  Dy  atoms  may  play  no  role  in  the 
infrared  spectra  in  the  wave  number  range  of  210-700 
cm"'. 

As  LnBa2Cu30x  (Ln  =  Sm,  Gd,  Dy,  Eu  )  have  very 
similar  phonon  structures  with  YBa2Cu30x,  the  vibra¬ 
tional  mode  assignment  for  YBa2Cu30x  may  also  apply 
to  LnBa2Cu30  .  The  phonon  assignments  for  the  tetra¬ 
gonal  crystal  by  Thomsen  et  al.  are  as  follows [4]. 
Oxygen  of  Ba-0  plane  has  the  vibration  mode  A2u  in 
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c-axis  direction  at  530  cm"^,  and  has  the  vibration 
mode  Em  in  ab  plane  at  355  cm.  Oxygen  vibration 
in  Cu-0  plane  has  the  Eu  mode  at  250  cm-1.  The 
phonon  assignments  for  the  orthorhombic  crystal  are 
as  follows.  Oxygen  of  Ba-0  plane  has  the  vibration 
mode  B]u  in  c-axis  direction  at  550  cm-1,  and^as 
the  vibration  mode  B3U  in  ab  plane  at  320  cm"  . 
Oxygen  vibration  in.Cu-0  plane  has  B2U,  B3U  modes  in 
ab  plane  at  280  cm"  .  .. 

The  high  frequency  mode  of  640  cm"1  in  the  tetra¬ 
gonal  crystal  is  hard  to  explain  from  the  results  of 
the  lattice  dynamics. 

REFERENCES 

(1)  D.J. Jorgensen,  M.A.Beno,  D.G.Hinks,  L.Soderholm, 
J.K. Volin,  R.L.Hitterman,  J.D.Grace,  I.K.Schuller 
C.U. Serge,  K.Zang  &  M.S.Kleefish,  Phys.  Rev.  B36 
(1987)  3608 

(2)  D.A.Bonn,  J.E.Greedan,  C.V. Stager,  T.Timusk, 
M.G.Doss,  S.L.Herr,  K.Kamaras  &  D.B.Taner, 

Phys.  Rev.  Lett.  58  (1987)  2249 

(3)  S.Onari,  M.Iioka,  K.Ohshima,  T.Arai  &  T.Sakudo, 
Jpn.  J.  Appl.  Phys.  26  (1987)  LI 052 

(4)  C.  Thomsen,  M.Cardona,  W. Kress,  R.Liu,  L.Genzel, 
M. Bauer,  E.Schonherr  &  U.  Schroder,  Solid  State 
Cormun.  65  (1988)  1139 

(5)  M.Cardona,  L.Genzel,  R.Liu,  A.Wittlin,  Hj.Matta- 
usch,  F.G. Alvarado,  E.G. Gonzalez,  Solid  State 
Cormun.  64  (1987)  727 

(6)  M.  Cardona,  R.Liu,  C. Thomsen,  M. Bauer,  L.Genzel, 
W.Konig,  A.Wittlin,  U. Amador,  M.Barahona,  F.Fer- 
nandez,  C. Otero  and  R.Saez,  Solid  State  Commun. 

65  (1988)  71 

(7)  G. Burns,  F.H.Oacol,  P.P. Freitas,  W.Konig,  T.S. 
Plaskett,  Phys.  Rev.  B37  (1988)  5171 

(8)  M.K.Crawford,  W.E.Fameth,  R.K.Bordia  and  E.M. 
McCarron  III,  Phys.  Rev.  B37  (1988)  3371 

(9)  S.Sugai ,  Phys.  Rev.  B36  (1987)  7133 

(10)  W.Ose,  P.E.Dbermayer,  H.H.Otto,  T.Zetterer,  H. 

Lengfellner,  J. Keller  and  K.F.Renk,  Z.  Phys. 

B70  (1988)  307 


Fig.  1 

Infrared  reflection  spectra  of  SmBa2Cu30x, 
GdBa2Cu30x,  DyBa2Cu30x,  PrBa2Cu30x,  YBa2Cu30x, 
and  EuBa2Cu30x, 

(a)  :  Orthorhombic  sample. 

(b)  :  Tetragonal  sample. 
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MICROWAVE  CHARACTERIZATION  OF  BULK  AND  POWDERED  HIGH-TC  SUPERCONDUCTORS* 

A.  Meulenberg,  H-L.  A.  Hung  and  G.  H.  Tough 

COMSAT  Laboratories 
Clarksburg,  Maryland  20871-9475 


ABSTRACT 

A  versatile  microwave/millimeter-wave  characteri¬ 
zation  technique  using  cylindrical  resonance  cavities 
has  been  implemented  which  allows  measurement  of  the 
absorption  and  sheet  resistivity  of  high-temperature 
superconductor  (HTS)  powders,  films,  and  bulk  sam¬ 
ples,  Copper  and  YBa2Cu30-j_x  (1-2-3)  powders  were 
compared  with  bulk  samples  to  provide  input  for  a 
simple  model  of  microwave  conductivity  in  bulk  HTS 
materials.  While  the  conductivity  of  copper  metal  is 
more  than  twice  that  of  bulk  YBa2Cu307_x  at  77  K,  the 
conductivity  of  copper  powder  at  this  temperature  is 
less  than  that  of  the  HTS  powder. 

INTRODUCTION 

Currently  only  single  crystals,  or  an  occasional 
oriented  high-temperature  superconductor  (HTS)  thin 
film,  have  exhibited  microwave  properties  superior  to 
those  of  copper  (Cu)  at  77  K.  Both  forms  are  gener¬ 
ally  impractical  for  many  microwave  applications. 
Measurements  utilizing  resonance  cavities  are  a  use¬ 
ful  approach  to  determining  microwave  conductivity 
and  absorption  (1),(2).  The  less-than-predicted  con¬ 
ductivity  of  HTS  bulk  materials  at  microwave  frequen¬ 
cies  is  studied  by  using  a  single-port  cylindrical 
cavity  near  16  GHz.  The  ability  of  the  system  to 
analyze  bulk,  thin-film,  and  powdered  materials  per¬ 
mits  comparison  of  superconductors  with  normal  con¬ 
ductors  in  various  forms.  Experiments  were  performed 
based  on  a  hypothesis  describing  the  nature  of  micro- 
wave  conductivity  in  bulk  HTS  materials.  Appropriate 
application  of  the  results  obtained  from  work  with 
conductive  powders  should  lead  to  HTS  materials  with 
much  improved  microwave  properties. 

MEASUREMENT  SYSTEM 

Microwave  conductivity  is  determined  by  measuring 
the  quality  factor,  Q,  of  a  reflecting  resonance  cav¬ 
ity  operating  in  the  te011  mode.  The  cavity  Q  is 
obtained  in  an  automated  system  by  sweeping  the  fre¬ 
quency  range  of  interest.  Results  for  a  cavity  hav¬ 
ing  an  endplate  replaced  with  the  sample  are  refer¬ 
enced  against  those  for  a  cavity  with  an  absorbing 
endplate.  To  accelerate  data  acquisition,  a  computer 
program  was  developed  to  control  the  step  frequency, 
permitting  large  step  sizes  away  from  a  resonance  and 
reduced  step  size  as  the  resonance  peak  is  approached. 
The  resolution  of  full-wldth-at-half-maximum  (FWHM) 
points  was  found  to  be  excellent,  since  data  points 
are  concentrated  about  the  resonance  peak. 

The  Q  of  a  cavity  is  determined  by  measuring  the 
loss  in  reflected  power  at  resonance,  calculating  the 
level  at  half  maximum  (or  some  other  fixed  percent¬ 
age  level),  and  interpolating  between  data  points  to 
determine  the  frequencies  corresponding  to  this 


level  (3).  The  value  obtained  from  the  center  fre¬ 
quency  (fc)  divided  by  the  frequency  difference 
between  the  half-maximum  points  (Af)  is  the  loaded  Q 
(Ql)  of  the  system.  The  QL  value  is  then  converted 
to  the  unloaded  Q  after  determining  the  coupling 
coefficient  and  whether  the  cavity  is  overcoupled  or 
undercoupled. 

MATERIAL  MODEL 

The  HTS  bulk  materials  have  not  yet  demonstrated 
the  predicted  high  microwave  conductivity.  Possible 
causes  are  non-single-phase  composition,  grain¬ 
boundary  problems,  anisotropic  conductivity,  and  twin- 
planes  within  crystals.  Another  cause,  suggested  by 
observations  of  very  thin  tin  films,  is  the  inhomog- 
enous  structure  in  which  low-temperature  superconduct¬ 
ing  islands  are  connected  by  resistive  paths  (5). 

The  conductivity  model  proposed  here  for  bulk  HTS 
materials  involves  superconducting  paths  that  are 
nonlinear  and,  particularly  just  below  the  critical 
temperature  (Tc),  may  be  very  circuitous.  For  DC 
measurements,  such  meandering  paths  have  only  a  small 
effect,  which  is  seen  during  the  onset  of  super¬ 
conducting  behavior.  At  this  stage,  intense  magnetic 
fields  from  high  local  current  densities  can  quench 
the  superconductivity  and  force  the  current  to  flow, 
for  short  distances,  through  alternative  paths,  which 
may  include  resistive  material.  At  high  frequencies, 
circuitous  paths  which  result  in  self-  and  mutual 
inductance  can  generate  back-emfs  that  oppose  current 
flow  along  the  path  and  thus  divert  current  through 
resistive  channels.  These  inductive  effects  will 
increase  with  frequency.  As  temperatures  are  lowered 
below  Tc  and  more  superconducting  paths  are  opened 
up,  the  current  flows  become  more  linear  and  self¬ 
inductance  is  reduced.  (Capacitance  effects  are  not 
included  in  the  first-order  model.) 

Most  microwave  applications  require  high  conduc¬ 
tivity,  not  zero  resistance.  Therefore,  a  means  of 
reducing  the  inductive  element  of  HTS  materials,  even 
at  the  expense  of  slightly  increased  resistive  compo¬ 
nents,  would  be  highly  desirable.  This  could  be 
accomplished  by  filling  the  voids  in  bulk  HTS  materi¬ 
als  with  high-conductivity  materials,  such  as  silver. 

EXPERIMENT  AND  RESULTS 

A  reference  is  established  for  these  experiments 
by  using  a  Cu  disk  in  the  cavity  to  calibrate  the 
changes  in  both  Q  and  center  frequency  as  the  cavity 
is  reduced  from  room  temperature  to  77  K  (LN2) . 

Figure  1  shows  the  increase  in  unloaded  Q  of  one  such 
disk  as  a  function  of  decreasing  temperature.  In 
comparison,  a  disk  of  YBa2Cu307_x  (1-2-3)  has  a  much 
lower  Q  until  the  temperature  is  just  below  Tc.  At 
77  K,  the  Q  is  much  closer  to  that  of  Cu  (Cp23^Cu  = 
0.9  ±  0.05)  and  the  resulting  resistivity  ratio  is 


‘This  paper  is  based  on  work  performed  at  COMSAT  Laboratories  under  the  sponsorship  of  the  Communications 
Satellite  Corporation. 
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Pj23/Pcu  =  2.1  ±  0.4.  Other  samples  of  HTS  bulk 
material  (2122  bismuth  and  1-2-3  compounds)  have  been 
tested,  but  with  poorer  results  (Figure  1). 

To  evaluate  the  effects  of  material  fabrication, 
ra*'  ,-r  than  the  elemental  and  crystalline  composition 
or  the  material,  samples  of  HTS  powder  and  Cu  powder 
were  compared.  Both  the  HTS  and  conducting  materials 
were  observed  to  be  absorbent  and  to  lower  the  Q  of  a 
cavity  without  changing  its  center  frequency.  The 
microwave  energy  is  reflected  from  the  plate  behind 
the  powder  and,  if  the  powder  layer  is  too  thick,  no 
resonance  is  observed. 

Figure  2  compares  powder  samples  of  YBa2Cu307_x 
and  Cu  at  room  temperature  and  near  Tc.  The  super¬ 
conductive  transition  is  clearly  observed,  and  rela¬ 
tive  changes  should  be  indicative  of  material  quality. 

The  first  attempt  to  reconstitute  the  Cu  powder 
into  a  bulk  form  involved  using  mercury  as  a  conduc¬ 
tive  lubricant  and  binder,  without  removing  oxides 
from  the  powder  surfaces.  Figure  3  shows  the  in¬ 
crease  in  Q  and  reduction  in  fc  as  a  function  of 
compacting  pressure. 

The  second  experiment  used  indium-silver  (90  per¬ 
cent  In  plus  10  percent  Ag)  solder  as  a  binder  for 
the  Cu  powder.  This  solder  has  a  large  plastic  tem¬ 
perature  range  and  very  high  conductivity.  The  layer 
was  clearly  conductive,  with  a  resulting  Q  near 
10,000,  and  the  reflecting  surface  (as  determined 
from  fc)  shifted  to  the  front  surface  of  the  layer. 
This  Q  was  still  significantly  less  than  that  of  a  Cu 
disk  (15,000),  or  even  an  InAg  solder  disk  (15,000 
when  freshly  polished  and  12,000  when  oxidized),  but 
clearly  shows  the  improvement  possible  for  "dirty'1 
powders.  Experiments  with  YBa2Cu307_x  powders  are  in 
progress. 


acquisition  system  and  with  the  normal  endplate 
coated,  covered,  or  replaced  by  test  material  or 
sample,  provides  a  simple  means  of  obtaining 
comparative  results. 

Results  of  conductivity  measurements  in  the  15- 
to  16 -GHz  range  for  copper  powder  with  mercury  or 
indium-silver  solder  as  a  binder  have  supported  a 
material  model  for  some  limitations  of  RF  conduction 
in  bulk  HTS. 
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CONCLUSIONS 

Several  experiments  have  been  carried  out  to  study 
the  microwave  properties  of  conductive  materials  in 
the  full  range  from  dense  metals  to  fine  powders. 

Use  of  a  resonance  cavity,  with  an  automated  data 
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Figure  2.  Comparison  of  Powi.a,  samples 
on  the  Endplate 


COMPACTION  PRESSURE  (KPSI) 


Figure  i.  Cavity  Q  of  Cu,  YBa2Cu303_x  (1-2-3)  HTS, 
and  Bismuth  (2122)  HTS  Endplates  as  a  Function 
of  Cavity  Temperature 


Figure  3.  Increase  in  Q  as  a  Function  of 
Pressure  Applied  During  Compaction 
of  Cu  Powder  With  Hg  Binder 
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ABSTRACT 

A  simple  RF  measurement  method  using  a  resonant  strip 
in  a  waveguide  has  been  developed.  The  method  has  been 
used  to  measure  the  RF  properties  of  different  superconducting , 
materials.  The  results  of  Q  and  loss  measurements  will  be ; 
presented. 

INTRODUCTION 

The  recent  discovery  of  superconducting  materials,  with 
transition  temperatures  above  77  K ,  has  excited  the  techni¬ 
cal  community  with  the  possibility  of  a  new  class  of  microwave 
devices.  The  successful  development  of  these  devices  will  rely 
on  the  RF  and  microwave  characterization  of  these  materials. 

Little  work  has  been  reported  on  the  RF  characterization 
of  these  new  superconducting  materials.  Hagen  et.al.  [1]  used 
a  cavity  method  to  measure  a  sample  at  3  GHz.  Tateno  and 
Masaki  [2]  reported  a  method  to  measure  the  VSWR  of  a 
specimen  in  a  waveguide.  Both  experiments  required  fairly  big 
samples.  Belohoubek  and  Kalokitis  [3]  used  a  disk  resonator 
for  Q-measurement.  The  resonator  was  excited  by  a  coaxial 
probe  that  penetrated  the  large  disk  in  close  proximity  of  the 
smaller  disk.  At  Texas  A&M,  we  have  developed  a  simple 
method  to  measure  the  loaded  Q  by  using  a  resonant  strip  [41. 
The  method  has  the  advantage  of  simplicity  and  provides  both 
resonance  and  loss  information.  It  can  be  used  to  measure  a 
very  small  sample.  With  little  modification,  this  method  can 
also  be  used  for  the  measurement  of  thin  film  samples. 

MEASUREMENT  TECHNIQUE 

The  measurement  technique  is  very  simple  and  straightfor¬ 
ward.  A  sample  of  superconducting  material  is  placed  inside 
a  rectangular  waveguide  as  shown  in  Figure  1.  The  waveguide 
has  a  width  of  a  and  height  of  b.  As  the  material  becomes  con¬ 
ductive,  the  equivalent  circuit  can  be  represented  by  a  L—R—C 
resonant  network.  L  is  due  to  the  excitation  of  TEno  modes, 
and  C  is  attributed  to  the  excitation  of  TEnm  modes.  The 
resistance  R  accounts  for  the  conductor  losses.  From  the  field 
analysis  [5],  the  resonant  frequency  is  a  function  of  the  strip 
depth  and  strip  width.  By  designing  the  strip  dimensions,  the 
desired  resonant  frequency  can  be  obtained. 

The  superconducting  sample  could  be  placed  inside  a  Teflon 
dielectric  holder  to  avoid  the  direct  contact  with  moisture.  The 
holder  does  not  affect  the  resonant  frequency  significantly  due 
to  its  low  dielectric  constant. 


MEASUREMENT  RESULTS 

The  method  was  used  to  measure  a  high- temperature  123 
YBaCu- oxide  bulk  sample.  The  sample  was  processed  by  hot 
pressing.  A  charge  material  consisting  of  high  purity  grade 
powders  of  y203,BoC03,  and  CuO.  The  charge  was  prepared 
by  reacting  the  powders  at  elevated  temperatures  and  then  by 
sintering  and  annealing  the  final  product  at  950  and  550°C,  ac¬ 
cording  to  carefully  developed  temperature  programming  steps 
in  order  to  obtain  and  stabilize  the  orthorhombic  phase  of  the 
material.  The  90  K  superconducting  transition  is  obtained 
when  the  123  YBCO  is  stabilized  in  the  orthorhombic  phase. 

Typical  RF  measurement  results  are  shown  in  Figure  2.  At 
room  temperature,  there  was  no  significant  resonance.  As  the 
temperature  was  lowered  to  the  liquid  nitrogen  temperature,  a 
strong  resonance  occured  at  11.3  GHz  indicating  that  the  strip 
had  become  conductive.  The  loaded  Q  calculated  from  this 
resonance  is  about  750,  which  is  comparable  to  that  obtained 
from  a  copper  strip.  This  is  in  agreement  with  other  results 
reported  recently  for  bulk  samples  operated  at  liquid  nitrogen 
temperature  [3, 6). 

The  same  method  can  be  applied  to  measure  other  super¬ 
conducting  material  such  as  BiCaSrCuOx  ( BCSCO)  which 
has  two  transition  temperatures  at  80  K  and  110  K.  This 
measurement  method  can  also  be  used  for  thin  film  supercon¬ 
ducting  materia!  measurements.  Work  with  these  materials  is 
currently  in  progress. 
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The  Nacional  Synchrocron  Lighc  Source  (NSLS)  is  a  very  brighc,  pulsed,  broadband  IR 
source.  ConCinuously  covering  che  speccral  range  from  che  visible  Co  che  mm  wave  region,  ic 
has  been  calculaced1 ' 2  Co  be  one  Co  chree  orders  of  magnicude  brighcer  Chan  a  black-body 
source.  Ac  wavelengchs  longer  chan  lOO/i,  (100  cm"1)  che  NSLS  provides  more  flux  Chan  a 
seandard  globar  source,  due  Co  che  differenc  power  laws  governing  black-body  radiacion  and 
synchrocron  radiacion  emission. 

3 

We  now  reporc  measuremencs  of  Che  specCral  characCeriscics  of  che  infra-red  beamline. 

In  che  measuremencs,  che  NSLS  was  compared  wich  globar  and  mercury  sources  using  inscrumencs 
wich  well  defined  ecendue  (area,  solid  angle  produces).  Two  speccromecers  were  used  for  che 
measuremencs.  For  che  region  25-700  cm"1  we  used  a  rapid-scan  Michelson  InCerferomecer  using  a 
silicon  beamspliccer.  For  Che  longer  wavelengCh  region  from  5-40  cm"1  we  used  an  incerferomecer 
wich  a  scanning  lamellar  gracing. 


Figure  1.  Phocograph  of  Che  infra-red  faciliCy  ac  Che  Nacional  Synchrocron  Light  Source, 
Brookhaven.  The  ins crumenca Cion  is  on  a  plaCform  11  feec  above  che  750  MeV  electron  storage 
ring. 
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In  addition  to  its  brightness  properties,  the  synchrotron  radiation  source  has  a  high 
degree  of  spatial  coherence.  Since  the  source  dimensions  are  only  200/i  high  by  400 p  wide, 
there  is  less  than  a  wavelength  of  wavefront  error  across  the  entire  flO  emission  cone  at  long 
wavelengths.  He  have  verified  this  by  recording  an  interferogram  using  a  novel  scanning 
lamellar  "grating"  with  only  one  fixed  and  one  scanning  plate. 

*Research  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  under  contract 
#DE-AC02 - 7  6CH00016 . 
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Figure  2.  Schematic  of  the  optical  layout  of  the  infra-red  beamline  at  Che  National 
Synchrotron  Light  Source,  Brookhaven. 


Figure  3.  Comparison  spectra  taken  at  the  National  Synchrotron  Light  Source,  Brookhaven  using 
f4  optics  in  the  sample  cell,  and  apertures  whose  sizes  are  indicated.  The  spectra  are  plotted 
on  the  same  vertical  scale,  for  a  stored  beam  of  330  mA.  The  black-body  is  a  standard  Nicolet 
20F  silicon  carbide  source  at  1000K.  The  advantage  of  the  NSLS  at  long  wavelengths  can  clearly 
be  seen. 
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ABSTRACT 

A  beat-note  stability  of  500  Hz  over  1 
second  has  been  observed  between  two  free- 
running  optically  pumped  NH3  lasers.  The 
12  pm  laser  frequency  is  strongly  isolated 
from  cavity-mirror  motion,  and  is  relatively 
insensitive  to  perturbations  in  the  pump 
lasers.  The  NH3  lasers  have  been  used  to 
observe  Lamb-dips  in  external  NH3  cells. 

INTRODUCTION 

In  the  past,  a  variety  techniques  have 
been  successfully  employed  to  develop 
frequency  stable  lasers.  However,  most  of 
these  techniques  are  based  on  one  general 
principle.  Ultra-stable  lasers  are  usually 
of  very  rigid  construction,  and  are  placed 
in  a  carefully  shielded  environment.  These 
precautions  ensure  that  the  free-running 
laser  linewidth,  as  determined  by  perturba¬ 
tions  in  the  optical  cavity  length,  is 
minimized.  The  free-running  laser  is  then 
locked  to  an  external  reference  to  control 
long  term  drift. 

In  this  paper,  we  describe  a  new 
approach  to  the  construction  of  an  ultra¬ 
stable  laser,  in  which  the  properties  of  the 
gain  medium  itself  help  to  isolate  the  laser 
frequency  from  external  perturbations.  We 
have  successfully  demonstrated  this  approach 
by  developing  an  optically-pumped  NH3  laser 
which  is  almost  immune  to  perturbations  in 
the  pump  radiation,  and  which  shows  an  order 
of  magnitude  isolation  from  the  frequency 
shifts  induced  by  cavity  length  changes. 

We  have  constructed  two  identical  cw  NH3 
lasers  operating  on  the  sP(7,0)  transition 
at  12.08  jira,  By  heterodyning  the  two  lasers 
with  a  fast  HgCdTe  detector,  and  measuring 
the  frequency-tuning  characteristics,  we 
have  identified  an  operating  regime  which 
gives  very  stable  laser  operation.  Figure  1 
compares  the  free-running  frequency  stab¬ 
ility  of  the  NH3  lasers  with  that  of  the 
pump  CO2  lasers.  Note  that  the  stability  of 
the  NH3  lasers  Is  a  factor  of  50  better  than 
that  of  the  C03  lasers  operating  in  the  same 
environment.  We  find  that  the  NHg  frequency 
is  insensitive  to  perturbations  in  either 
the  power  or  the  frequency  of  the  pump 
laser.  A  1%  change  in  pump  power  gives  a 
12  pm  frequency  shift  of  <500  Hz,  while  a 
frequency  shift  of  250  kHz  in  the  pump 
produces  5  kHz  shift  in  the  12  pm  laser.  In 
addition,  the  dispersion  associated  with  the 
narrow  12  pm  gain  profile  produces  a  strong 


frequency  pulling  which  isolates  the  12  pm 
laser  from  the  effects  of  cavity  mirror 
vibration.  We  have  directly  measured  iso¬ 
lation  factors  as  high  as  15.  At  present, 
our  NH3  laser  linewidth  is  limited  by  the 
cavity  design.  When  the  cavities  are 

operated  as  conventional  infrared  lasers, 
they  give  a  beat  width  of  >  20  kHz.  The 

same  cavities  give  a  beat  width  of  500  Hz  to 
1  kHz  when  operating  on  NH3,  due  to  the 
strong  frequency  pulling. 

In  recent  work,  the  NH3  lasers  have  been 
used  to  observe  Lamb-dips  in  external  low- 
pressure  NH3  cells.  The  12.08  pm  emission 
wavelength  is  exactly  in  coincidence  with 
the  sP(7,0)  absorption  line  in  NH3,  and 

Lamb-dips  with  widths  as  small  as  240  kHz 
(HWHM)  have  been  measured  in  a  1  m  absorp¬ 
tion  cell.  By  locking  to  these  dips,  the 

NH3  laser  can  attain  good  long-term 
stability. 

We  have  developed  a  detailed  theory  of 
operation  of  these  lasers  based  on  a  den¬ 
sity-matrix  formulation.  This  theory  has 
been  validated  by  comparison  with  gain 
measurements  made  in  an  NH3  amplifier  cell. 
A  9  pm  beam  is  used  to  saturate  the  sR(5,0) 
transition,  while  the  12  pm  beam  acts  as  a 
probe.  Measurements  made  with  both  co-  and 
counter-propagating  beams  will  be  presented, 
and  plans  for  improving  both  the  short  and 
long  term  stability  of  the  NH3  laser  will  be 
discussed . 


TIME  (sec) 


FIGURE  1:  Beat  frequencies  of  the  free- 
running  9  pm  pump  lasers  and  the  12  pm  NH3 
lasers  as  a  function  of  time. 
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ABSTRACT 

We  have  used  millimeter/submillimeter  spectroscopic  tech¬ 
niques  to  investigate  the  pressure  dependence  of  the  absorp¬ 
tion  and  gain  frequencies  of  several  optically  pumped  far 
infrared  lasers.  Pump  offset  effects  on  the  gain  frequencies 
were  also  investigated.  These  measurements  are  free  from 
obfuscating  effects  such  as  cavity  pulling  and  competing 
lasing  lines  which  are  present  in  measurements  of  oscillating 
laser  systems. 

INTRODUCTION 

Optically  pumped  far  infrared  (OPFIR)  lasers  are  fre¬ 
quently  used  as  fundamental  sources  for  spectroscopy  and  as 
local  oscillators  for  various  heterodyne  systems.  For  these  and 
other  metrologic  applications,  the  accuracy  and  precision  with 
which  the  frequency  of  OPFIR  lasers  can  be  reproducibly  set 
is  of  considerable  importance.  A  number  of  physical  processes 
affect  the  frequency  of  OPFIR  lasers.  Chief  among  these  are 
cavity  pulling  due  to  the  OPFIR  resonator,  variations  in  the 
C02  pump  laser  frequency,  and  pressure  shifts  from  the  OPFIR 
laser  gas.  The  magnitude  of  the  later  mechanism  has  been  a 
subject  of  recent  debate.  Lawandy  and  coworkers  [1]  have 
measured  an  anomalously  large  pressure  shift  of  approxi¬ 
mately  15MHz/Torrforthe  170pm lineofCH3OH.  Evenson, 
Inguscio,  Strumia,  and  coworkers  [2,3]  have  reported  meas¬ 
urements  to  the  contrary  and  have  found  an  uncertainty  in  the 
frequency  reproducibility  of  ~2  x  107.  We  have  used  our 
millimeter/submillimeter  (mm/submm)  spectroscopic  tech¬ 
niques  to  investigate  the  fundamental  physical  processes  which 
affect  the  frequency  of  OPFIR  lasers. 

EXPERIMENTAL  SYSTEM 

The  mm/submm  wave  probe  was  generated  by  a  point 
contact  harmonic  multiplierdri  ven  with  aphase-locked  klystron 
and  detected  by  a  helium  cooled  bolometer.  Useful  probe 
radiation  can  be  produced  and  detected  continuously  in  the 
range  from  100  to  1000  GHz  by  these  techniques  [4],  The 
probe  radiation  was  copropagated  with  the  C02  pump  radia¬ 
tion  through  a  mirrorless  gain  cell.  The  mm/submm  probe 
frequency  was  swept  over  the  region  of  the  emission  fre¬ 
quency.  Two  detection  methods  were  used:  direct  detection 
with  a  cw  pump  and  lock-in  detection  referenced  to  a  chopped 
pump. 


These  measurements  provide  a  direct  probe  of  the  OPFIR 
gain  curve  which  is  independent  of  cavity  pulling  affects  and 
other  possible  obscuring  affects  arising  from  measurements  on 
oscillating  lasers  (e.g.  output  from  competing  lines).  The 
independence  from  cavity  effects  greatly  simplifies  the  inter¬ 
pretation  of  the  data  in  terms  of  the  fundamental  physical 
processes.  Although  our  experiments  are  not  sensitive  to 
cavity  effects,  this  is  not  aproblem  since  cavity  pulling  is  a  well 
understood  process.  Given  the  width  of  the  gain  profile  and  Q 
of  the  cavity,  the  size  of  the  cavity  pulling  effect  and  the 
resulting  reproducibility  limits  are  easily  and  accurately  pre¬ 
dicted. 

MEASUREMENTS  AND  DISCUSSION 

At  the  relatively  low  pressures  typically  used  in  C  W  OPFIR 
lasers,  the  rovibrational  pump  transition  is  inhomogeneously 
broadened.  Therefore  when  the  pump  is  notexactly  coincident 
with  the  energy  spacing,  a  velocity  subset  in  the  wings  of  the 
Doppler  profile  is  selectively  pumped  and  the  gain  frequency 
for  the  OPFIR  transition  is  shifted  away  from  rotational  line 
center. 

Figure  1  shows  the  measured  peak  gain  frequency  for  the 
496  urn  1JCH3F  OPFIR  line  while  being  pumped  by  approxi¬ 
mately  3  W  of  9P20  COj.  The  proportionality  of  the  Doppler 
shift  with  frequency  has  been  used  to  scale  the  actual  pump 
offset  frequency  at  the  vibrational  frequency  to  the  effective 
offset  frequency  at  the  rotational  transition  frequency.  Since 
the  cross  section  for  rotationally  inelastic  collisions  is  much 


FIG.  1 .  Experimental  frequency  of  the  peak  gain  as  a  function  of  the 
effective  pump  offset. 
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larger  than  that  for  velocity  changing  collisions,  the  excited 
molecules  will  tend  to  remain  in  the  velocity  subclassin  which 
they  were  pumped  until  they  have  reached  rotational  states  far 
from  those  involved  in  the  OPFIR  laser  transition.  This 
implies  that  for  longitudinally  pumped  systems  (where  the 
OPFIR  radiation  is  parallel  to  the  pumped  velocity  compo¬ 
nent)  the  gain  offset  should  be  proportional  to  the  pump  offset 
with  a  slope  of  one  as  plotted  by  the  solid  line  in  Figure  1.  The 
data  are  seen  to  be  in  good  agreement  with  this  expectation; 
however,  close  inspection  shows  a  systematic  deviation  with 
pressure  for  the  three  different  pressures  groups  that  are 
plotted.  This  effect  is  more  readily  apparent  in  Figure  2  where 
theproportionality  with  the  pump  has  been  subtracted  and  only 
the  remaining  shift  plotted — higher  pressures  clearly  exhibit 
a  larger  shift. 
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FIG.  2.  Shift  in  frequency  of  the  peak  gain  from  simple  theory.  The 
pressures  are  labeled  as  in  Figure  1 . 


We  performed  pressure  broadening  measurements  in  pure 
absorption  for  this  12CH3F  OPFIR  laser  transition,/ =12-11, 
K=2.  Datawerecollectedoverarangeof25-110mTorr.  The 
pressure  broadening  coefficient  was  measured  to  be  17.8  ±  0.7 
kHz/mTorr.  No  observable  pressure  shift  was  found  to  within 
the  experimental  uncertainty  which  was  conservatively  esti¬ 
mated  to  be  0.4  kHz/mTorr.  Therefore  the  gain  shifts  of  Figure 
2  cannot  be  attributed  to  a  pressure  induced  shift. 

In  addition  to  the  pumped,  nonthermal  molecules  in  the 
rotational  states  of  the  pumped  excited  vibrational  state,  there 
also  exists  a  thermal  distribution  in  these  rotational  states.  This 
distribution  absorbs  radiation  at  the  rotational  energy  spac- 
ings,  including  that  of  the  OPFIR  laser  frequency.  The  net  gain 
is  equal  to  the  gain  from  the  nonthermal  excitation  minus  the 
absorption  from  the  thermal  molecules  (note  that  the  number 
density  of  the  thermal  molecules  can  greatly  exceed  its  normal 
unpumped  value  because  of  the  rapid  rotational  equilibration 
compared  to  the  slower  vibrational  decay).  When  the  pump  is 
not  exactly  coincident  with  the  rotational  state,  the  gain  from 
the  nonthermal  molecules  will  not  be  centered  at  the  same  fre¬ 
quency  as  the  competing  absorption  The  resulting  decrease  in 
the  net  gain  is  larger  nearer  rotational  line  center,  and  thus 
skews  the  net  gain  away  from  line  center.  This  is  illustrated  in 
Figure  3. 

We  have  implemented  a  numerical  simulation  to  verify  this 
effect.  The  gain  and  absorption  lines  were  subtracted  from 


each  other  for  a  number  of  thermal/nontheimal  amplitude 
ratios.  The  resulting  frequency  for  the  peak  net  gain  was 
plotted  as  a  function  of  pump  offset.  The  solid  lines  in  Figure 
4  shows  the  results  at  a  pressure  of  35  mTorr.  With  the 
appropriate  ratio  choice,  good  agreement  with  the  experimen¬ 
tal  data  (the  triangles)  is  obtained.  The  shift  can  be  seen  to  peak 
and  then  decrease  for  effective  pump  offsets  greater  than  about 
500  kHz.  This  is  due  to  passing  through  the  inflection  point  of 
the  absorption  line. 


FREQUENCY  604 _ MHz 

295  296  297  298  299  300 


FIG.  3.  Shift  in  the  net  gain  due  to  the  thermal  absorption . 


FIG.  4.  Theoretical  gain  shifts  (solid  lines)  for  three  thermal/nonth- 
ermal  amplitude  ratios  compared  with  experimental  data  (triangles). 
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ABSTRACT 


A  high  resolution  Nd-YAG  pulsed  Laser  Radar  "LIDAR" 
system  is  proposed  for  detecting  and  tracking  Airborne 
cooperative  retro-reflector  carrying  targets  against 
noise,  clutter  and  back-scatter  sources.  A  previous 
range  computation  method  is  improved  and  new 
possibilities  of  coherent  heterodyne  detection  and 
phase  conjugate  elements  are  discussed. 

INTRODUCTION 

High  angular  resolution  Laser  Radar  (LADAR)  systems 
can  supplement  or  extend  conventional  radar  techniques 
and  systems.  Radar  technology  had  borrowed  many 
techniques  from  well  known  approaches  in  optics  (1). 

Modern  LADAR  systems  are  used  for  many  applications 
where  long  distances  and  higher  angular  resolution  is 
required  which  exceeds  the  known  capabilities  of 
microwave  radars.  The  orders  of  magnitude  decrease  in 
wavelength  allowing  for  very  small  apertures  with  very 
high  beam  collimation  capabilities  (1;2). 

The  increase  in  frequency  provides  for  very  high 
bandwidth  and  time  resolution  capabilities  in  the  order 
of  several  nano-seconds  12 J. 

LADAR  operation  in  the  atmosphere,  however,  is 
subject  to  various  degrees  of  absorption,  scattering 
and  coherence  degradation  due  to  the  shorter  wavelength 
used  (1;3;4J. 

It  was  found  necessary  to  develop  a  straight 
forward  approach  in  which  one  can  predict  the  required 
Ladar  system  physical  parameters,  based  on  standard 
Radar  operational  parameters  (3),  which  are  range, 
probability  of  detection  Pd  and  False  Alarm  Rate  (FAR) 
or  equivalent  probability  Pf . 

Analysis  and  computation  of  interferences  limitations 
for  the  Proposed  LADAR  system 

The  tracked  cooperative  targets,  whose  geometry  is 
shown  in  Figure  1,  use  retro-reflectors,  thereby 
increasing  system  efficiency  and  ranging. 

HOVERING 

LADAR  BEAM  TARGET 


"2-Vo 

4  X2  -  K,  •  p 


(0,1  d lt\ 
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where: 

R  is  the  cooperative  target  operative  range  in  km. 

0,65 

K,0  =  -  The  target  attenuation  factor  due  to 

G 

atmospheric  turbulences; 

D(r)  Cooperative  aperture  diameter  is  0,038  m; 

p(i  0  r.t.  Attenuation  factor  of  the  cooperative  target 

K2  fcetro  factor  for  the  circular  cross  section  is  3,7. 

The  clutter  or  scattering  causes  an  equivalent 
reflection  factor  (3)  of  P{0  t  dlf)  =0,6  typical  and 
pio,i  air)  =  °'8  f°r  realistic' worst  case  value  applied 
for' the  computation  of  minimum  range. 

The  critical  ranges  limitations  in  the  far  field 
regions  above  1  km  are  provided  only  by  the  background 
clutter  interferences. 


and  the  (back)  scattering  interference  effects  can  be 
neglected  (3). 

The  clutter  returns,  as  in  the  thermal  noise  case, 
is  modeled  after  a  Rician  Distribution  [3). 

The  log  normal  distribution  approximation,  however, 
can  be  applied  for  computing  the  detection  probability 
of  the  LADAR  system  when  the  clutter  signals  are  much 
stronger  than  the  quantum  noise  power  levels  [ 3 ; 4 ) . 

The  false  alarm  probability  is  given  by  (3) 


b  77’ 

- -  In  t- 

\P,J 


where  N  is  the  total  clutter  power  average  at  the 
detector  input  and  b  is  the  threshold  voltage  for  false 
alarm  detection. 

The  probability  of  detecting  a  signal  in  the 
presence  of  clutter  is  then  given  by 


Pd  =  _ 


-y  . 

e  dy 


which  is  the  tabulated  standard  normal  error  function 
f5K  r-A 

figure  1.  Geometry  of  a  Retro-carrying  Target  If  y  = -  (5) 

against  Typical  Background  I - 

-I2N 

The  desired  signal  Power  Ratio  from  the  cooperative 
target  with  retroref lector,  related  to  signal  from  the  For  an^  9lven  b  <  A,  therefore  (3) 
cluttering,  is  significantly  more  critical  than  related  ,  b  ^ 

to  the  scattering  interference  source  (3).  This  power  p  =  0,5+0, 5  erf  -fs -  (6) 

ratio  can  be  calculated  from  equation  (1)  (2, -3).  1,  42t?J 
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which  gives  the  mathematical  relations  between  P£ ,  Pd , 
b,  s  and  R. 

The  LADAR  system  required  parameters  Pd  =  0,99  and 
pf  -  10* 5 ,  for  example. 

Using  the  developed  method: 

—  -  3,393  and  0,01  =  erfc  Ns  -  3,393| 
and  from  (5]: 


— —  »  4s  -  3,393  yielding  s  =  25,4  (14,05  dB) 

41- 

Using  equations  (1)  and  (2)  we  obtain: 

RBin  «=  9,60  km;  R-<d  =  11,10km 

In  this  case  the  effective  system  range  is  not 
sufficient  and  n  pulses  integration  is  required  J3). 

Choosing  n  =  8,  the  worst  case  signal  to  clutter 
improvement  is  7,5  dB.  Therefore  the  necessary 
s  .  =  14,05-7,5  =  6,55  dB. 


=  22'80  km 

and  RB4d  =  26,40  km. 

The  computer  method  can  provide  useful  graph  plots 
representing  the  RBln  and  R  .  as  function  of  PF  and  Pd 
and  n  as  parameters.  Such  a  typical  graph  family  for 
P =  0,99  is  presented  in  Figure  2. 
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3J  Pd  •  0.99 
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n*UR»m) 


Figure  2.  Computed  Optimal  Target  Range  (R)  as 
a  function  of  False  Alarm  Rate  (Pf) 
using  P<j  and  n  as  parameters. 

Methods  for  increasing  the  LADAR  system  detection  range 


range  even  for  reduced  LADAR  transmitter  power  (7). 
Better  receiver  sensitivity  and  system  improvements  can 
be  obtained  by  Homodyne  coherent  detection  instead  of 
Heterodyne.  The  homodyne  method  is,  however,  more 
difficult  to  implement  and  requires  an  accurate  optical 
Phase-Locked-Loop  { 8 ] .  Further  range  improvements  can 
be  achieved  due  to  the  new  techniques  of  phase 
conjugate  materials  and  mirror  elements  (9).  The 
choice  of  special  retro-reflectors  implementing  phase 
conjugate  technology  would  enable  significant  reduction 
in  the  atmospheric  effects  concerning  our  proposed 
LADAR  system.  The  reduced  attenuation  would  lead  to  a 
significant  increase  in  the  system  range  operation 
specially  for  ground  or  low  altitude  applications. 

CONCLUSIONS 

The  developed  computation  method  indicated  that 
LADAR  systems  can  detect  cooperative  targets,  against 
clutter  and  backscatter,  from  fairly  long  distances 
with  high  detection  and  low  False  Alarm  probabilities. 
The  power  required  for  the  LASER  transmitters,  the 
price,  weight  and  volume  of  the  equipments  will  be 
significantly  reduced  for  equal  or  even  better 
operation  ranges  by  using  the  following  improvements: 
Special  Signal  Processing  and  Clutter  Reduction  Methods 
Coherent  heterodyne  LADAR  receivers  instead  of  the 
direct  detection  method. 

Homodyne  detection  method  more  efficient  than  the 
heterodyne  but  difficult  to  implement. 

Phase  Conjugate  materials  and  mirror  elements 
technology  which  may  be  used  in  future  projects. 
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Remarkable  improvements  of  "Pd"  and  "s"  can  be  obtained 
by  signal  pulse  integration  (3;6).  It  can  be  proved 
that  increased  LASER  power  or  rectroreflectors  cross 
section  are  less  effective. 

Special  signal  processing  and  clutter  reduction  (9) 
methods  using  Analog  and  digital  technologies  [7]  can 
be  implemented  in  the  final  LADAR  system  to  increase 
significantly  the  effective  detection  and  tracking 
ranges.  Future  development  in  LADAR  coherent  systems, 
even  for  Nd  Yag  LASER'S,  will  permit  a  more  than  10 
decibels  increase  in  the  receiver  system  sensitivity. 

The  heterodyne  operation  complemented  by  smart  clutter 
reduction  methods  may  increase  significantly  the  system 


L.G.  Kozovsky,  Balanced  Phase-Locked  Loops  for 
Optical  Homodyne  receivers  performance  analysis 
design  considerations,  IEEE  Journal  of  L.T., 
Vol.4,  Feb.  1986,  pp. 182-195. 

A.  Yariv  et.al,  Real  time  phase  conjugate  window 
for  one  way  optical  field  imaging  through  a 
distortion,  Appl.  Phys.  Lett.  41(2),  July  1982, 
pp.  141-143. 
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INITIAL  ATTEMPTS  TO  OBSERVE  LONG  WAVELENGTH  PHASE  CONJUGATION 
IN  AN  ARTIFICIAL  KEP.R  MEDIUM 
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Dennis  K.  Mansfield 
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ABSTRACT  REFERENCES 

Stable,  well-dispersed  suspensions  of  dielectric  (1)  D.K.  Mansfield  and  J.F.  Federici,  Int.  J.  of 
particles  have  been  prepared  for  use  as  long  wave-  Infrared  and  Millimeter  Waves  £,  (1983)  419. 

length  artificial  Kerr  media.  However,  initial 
attempts  at  FIR  degenerate  four  wave  mixing  using 
these  suspensions  have  been  frustrated  because  of 
the  intrinsic  loss  of  the  host  liquids. 


Recently,  the  feasibility  of  long  wavelength  phase 
conjugation  via  degenerate  four  wave  mixing  in  an 
artificial  Kerr  medium  has  been  considered  (1). 

Indeed,  it  has  been  suggested  that,  for  wavelengths 
near  100  microns,  a  collection  of  micron  size 
particles  suspended  in  a  transparent  liquid  would 
exhibit  phase  conjugate  reflectivities  approaching 
or  exceeding  unity  in  the  DFWM  geometry, 

assuming  pump  power  levels  that  are  available  from 
the  present  generation  of  FIR  lasers. 

AttemDS  to  suspend  large  particles  of  transparent 
materials  (Si,  Ge,  diamond,  ...etc.)  in  transparent 
non-polar  liquids  (decalin,  cyclohexane. . .etc. ) 
using  commercially  available  surfactants  have  been 
successful.  In  addition,  long  wavelength  Fourier 
transform  spectroscopy  of  these  suspensions  has  shown 
that  some  of  them  retain  their  transparency  in  the 
FIR.  However  recent  attempts  to  use  these  media  in 
degenerate  four  wave  mixing  experiments  have  met 
with  failure  because  of  the  intrinsic  loss  of  the 
host  liquid  (0.5  cm-1). 

Experiments  were  carried  out  in  which  the 
particle  motions  of  these  suspensions  were 
observed  with  a  microscope  while  the  suspension  was 
illuminated  with  the  output  of  a  FIR  laser  operating 
at  119  microns.  For  FIR  power  levels  ranging  from 
10  to  100  mil  the  particles  were  observed  to  swirl  in 
convective  cells  rather  than  to  form  the  spatial 
gratings  needed  for  phase  conjugation  to  occur. 

This  behavior  is  attributed  to  the  intrinsic  loss  of 
the  host  material  and  must  be  overcome  before  long 
wavelength  phase  conjugation  in  this  medium  can 
succeed.  In  that  regard,  attempts  are  being  made  to 
find  lower  loss  liquids  than  those  employed  in  this 
work. 

This  work  supported  by  US  DOE  Contract  No. 
DE-AC02-76-CH0-3073. 

In  addition,  one  of  us  (PAR)  acknowledges  the 
Australian  National  Research  Fellowships  -  Queen 
Elizabeth  II  Awards  Scheme  for  supporting  both  this 
work  and  his  attendance  at  this  Conference. 
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SUBMILLIMETER  WAVE  LOW  TEMPERATURE  ADMITTANCE  OF  N-CaAs  AND  InP  DIODE 
STRUCTURES  USING  TRANSPORT  ANALYSIS 


Clifford  M.  Krowne 
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Washington,  DC  20375-5000 


ABSTRACT 

Numerical  simulation  results  for  n+nn+  CaAs  and 
InP  diode  structures  in  the  1-3  THz  frequency  range 
are  presented.  Cryogenic  temperatures  from  4 
through  about  77  K  are  examined  to  obtain  the 
two-terminal  admittance.  Earlier  work  has  suggested 
possible  negative  differential  conductivity  (NDC)  at 
or  below  4.2  K,  but  no  consistent  NDC  above  77  K. 
Implications  of  the  Monte  Carlo  data  for  generation 
of  submillimeter  waves  at  these  intermediate 
teaperatures  is  discussed. 


INTRODUCTION 

The  ability  of  submicron  n+nn+  GaAs  diodes  to 
generate  submillimeter  waves  has  been  previously 
studied  over  a  variety  of  lattice  temperatures  Tl 
and  signal  amplitude  conditions  [1,2].  At  terahertz 
frequencies,  the  signal  period  is  on  the  order  of 
magnitude  of  the  intervalley  relaxation  time,  making 
negative  differential  conductance  (NDC)  behavior 
only  weakly  dependent  on  intervalley  effects. 
Instead,  carrier  inertial  effects  dependent  upon 
other  material  and  structural  properties  of  the 
device  take  over  beyond  a  few  hundred  gigahertz. 
This  physical  behavior  is  reflected  in  the 
difficulty  of  obtaining  NDC  in  the  diodes  at  high 
T^.  Indications  of  NDC  seem  to  occur  at  cryogenic 
temperatures,  in  particular,  at  or  below  77  K. 

Here  we  look  at  device  length,  dc  bias  voltage, 
and  doping  density  variations  which  may  influence 
the  NDC  in  GaAs.  The  II1-V  sister  material  to  GaAs, 
InP,  is  also  examined  because  its  material 
properties  [3-5],  such  as  enhanced  saturation 
velocity  and  increased  threshold  voltage  for 
intervalley  transfer,  could  change  the  NDC  device 
characteristics.  Terminal  admittance  Y  is  obtained 
numerically  for  both  GaAs  and  InP  using  a  large 
signal,  time  domain  Monte  Carlo  transport  simulation 
approach  on  a  CRAY  X-MP/12  supercomputer. 


GaAs  ADMITTANCE 

Device  terminal  admittance  Y  at  4.2  K  is  given 
in  Fig.  1  for  a  0.30,  0.30,  0.30  pm  n+nn+  structure 
having  10*7,  10^,  10l7/cc  doping  N<j.  Mesh  points 
are  separated  by  Ax  =  200  A  and  the  time  increment 
At  is  5  fs.  Calculated  data  points  using  20,000 
superparticles  are  provided  every  0.2  THz,  connected 
by  straight  lines,  and  given  in  the  f  *  0. 8-3.0  THz 
frequency  range.  The  ac  modulation  voltage  Vac  = 
0.03  V  and  dc  bias  voltage  Vjc  «  0.42  V.  The 
contour  is  similar  to  the  central  region  doping 
Ndc  “  10 15/cc  result  found  earlier  [1].  However, 
between  2.2  and  2.8  THz,  the  Yr  is  now  larger, 


reducing  the  NDC.  When  the  device  size  is  uniformly 
doubled  (and  Ax  =  400  A),  Fig.  2  is  obtained  at 
4.2  K  (N^  =  10*5/cc).  Maximum  NDC  is  reduced  by  a 
factor  of  two.  Elevating  Tl  to  77  K  again  reduces 
NDC  (by  a  factor  of  two)  as  seen  in  Fig.  3.  Going 
back  to  the  smaller  structure,  and  applying  a  much 
larger  V<jc  =  2.5  V,  does  noticeably  alter  the 
contour  shape,  but  NDC  is  not  improved  (Fig.  4). 


InP  ADMITTANCE 

The  InP  admittance  contours  are  created  for  the 
smaller  device  of  4.2  and  77  K.  For  V,jc  =0.40  V  and 
Vac  =  0.03  V,  Figs.  5  and  6  give  the  results.  It  is 
seen  that  NDC  is  reduced  upon  raising  Tl>  When  V<jc 
is  increased  by  a  factor  of  2.7  (the  InP  to  GaAs 
threshold  voltage  ratio  for  intervalley  transfer), 
the  negative  Yr  excursion  is  increased  at  4.2  K, 
(Fig.  7)  but  at  77  K  (Fig.  8)  no  NDC  is  apparent. 


SUMMARY 

The  above  numerical  results  plus  admittance 
contour  plots  done  for  GaAs  at  TL  =  8,  16,  24,  32, 
40,  50,  and  60  K  and  for  InP  at  200  and  300  K 
suggest  that  NDC  below  about  3  THz,  if  it  is  to  be 
found  at  all,  will  likely  occur  for  Tl  <20  K.  No 
consistent  improvement  of  InP  over  GaAs  for 
producing  NDC  below  3  THz  is  found. 
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ABSTRACT 

A  model  of  stratified  medium  with  the 
slightly  rough  Interfaces  is  presented  for 
analysis  of  scattering  from  oil  film  on  sea 
surface.  Because  the  thickness  of  oil  film 
is  considered,  the  model  is  more  realistic 
than  that  raised  in  other  paper  in  which 
only  single  rough  surface  is  assumed.  In 
this  paper,  the  coupled  differential  equa¬ 
tions  are  derived  and  solved  by  using 
full  wave  approach,  and  the  simple  expres¬ 
sions  of  back  scattering  cross  section  for 
oil  film  on  sea  surface  have  been  obtained. 
According  to  these  expressions  some  curves 
are  given  for  different  thickness  of  oil 
film.  It  is  shown  that  the  results  obtained 
by  the  present  model  are  in  better  agreement 
with  the  experimental  data  than  those 
obtained  by  single  surface  model. 


INTRODUCTION 

The  problem  of  remote  sensing  of  oil  film 
on  sea  surface  has  been  studied  extensively. 
In  previous  work  Cl]  the  model  of  a  single 
rough  sea  surface  was  used  to  treat  the 
problem  by  perturbation  approach,  in  which 
the  effect  of  thickness  of  oil  film  was  neg¬ 
lected.  However,  in  actual  cases  the  oil 
film  always  has  some  thickness.  Therefore, 
more  accurate  model  is  needed  for  practical 
applications.  In  the  paper  a  model  of  strat¬ 
ified  medium  with  slightly  rough  Interfaces 
is  presented.  Because  the  oil  film  on  sea 
surface  is  considered  as  multilayered 
structure  of  arbitrary  thickness.  It  is 
obvious  that  the  presented  model  is  more 
realistic  than  the  single  surface  model. 

In  the  paper  the  coupled  differential 
equations  " for  the  scattering  problem  are 
derived  and  solved  by  means  of  full  wave 
approach.  The  simple  expressions  of 
backscatterlng  cross  section  of  oil  film  on 
sea  surface  are  obtained.  The  scattering 
characteristics  of  different  oil  film 
thicknesses  are  calculated.  It  is  shown  that 
the  scattering  characteristics  are  quite 
different  for  different  thicknesses.  A 
practical  example  is  calculated  with 
different  models.  Due  to  considering  effect 
of  the  thickness  of  oil  film,  the  results 
obtained  by  present  model  are  in  better 
agreement  with  experimental  data  than  those 
obtained  by  single  surface  model,  and  the 
utility  of  the  present  model  is  Justified. 


THEORETICAL  ANALYSIS 

There  aro  three  regions  used  to  describe 
the  oil  film  on  sea  surface,  let  £# ,  £,  , 
and  £»  are  complex  permittivity  of  upper 
medlum(air),  middle  medium  (oil  film),  and 
lower  medium(sea),  respectively,,  and  ^  JU, 

=  Alt  is  assumed.  The  upper  interface (air /oil 
film)  and  lower  interface  (oil  film/sea) 
are  defined  by  z  =-<.i(x,y)  and  z  =  <u(x,y)» 
which  are  random  variables.  The  distance 
between  upper  and  lower  Interface  is  H|(x,y) 
= -<;,i(x,y>-^u  (x,y) ,  and  H,  is  the  mean  of  Hi  , 
that  is  H„=  <Hi>. 

First,  the  field  is  expaned  by  the  basis 
functions  consisting  of  the  radiative, 
lateral,  and  surface-wave  terms.  Using  exact 
boundary  conditions  and  properties  of  basis 
functions.  Maxwell's  equations  are  converted 
into  rigorous  sets  of  ordinary  coupled 
first-order  differential  equations.  The 
iterative  approach  is  used  to  solve  the 
coupled  differential  equations.  By  employing 
the  steepest  descent  method,  the  expressions 
of  scatter  field  are  derived  for  the  case  in 
which  the  source  and  the  receiver  are  far 
from  the  irregular  boundary  [2]. 

To  simplify  the  problem,  following 
three  are  assumed  in  analyzing  the  scatter¬ 
ing  problems  (a)  upper  and  lower  interface 
have  same  fluctuation,  i.e.  Hi=  H,  ,  (b)  the 
spectral  density  of  the  random  rough  surface 
is  that  of  sea  surface,  which  is  defined  by 
W(p,q)  =  K(]?»  +  )*K>  ,  (c)  the  surface  is 
slightly  rough.  It  is  obtalnded  that  the 
backscatterlng  cross  section  of  oil  film  on 
sea  surface  is  as  : 

P.&=v«nH  (1) 

where  lift  is  the  backscatterlng  cross  section 
for  single  rough  surface  (  corresponding  to 
KoH^sooo),  which  is  the  same  as  the  results 
obtained  in  other  paper  Cl].  gM  is  a  factor 
for  stratified  medium  with  slightly  rough 
interfaces,  which  is  main  result  of  this 
paper  different  from  others,  and 
defined  as: 

Oft,-  k.c'sr*1  P,G  =  Vcnr  H  (2) 

where 

I  U»t-l)UE,T-DS;»4e»1  I* 

^“1  I 

OiHV=  ^VH=  0 
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r.+  iv^vi 

and  g^is  given  by: 

*v»=|U+  hV<L*'^r 


(3) 


where 


^ 'll.  2  (£>t~£nHi£tY  (£>T‘~Sl*M£»£vri'S»1l£*T-£if))] 

'  ~  i tiT-i){i,v+  si1it«Y-n)U«l£»-sv + £>*  1^) 


H£u-£,f)(£,r-m  CwCy-S^Ms-S^M  £vrf) 

l£if  “I )  (£t»+  l£ir“\ ))  l  ixt  it  it  “Sj*  +  £n)  ) 


A  w_J 

.2 

£»t  1  £»t~£ j1-  £w  |£»t“S»x  \ 

n3  * 

t  £ni  £tr~^»*+  £>yJ  £»y~S»1  j 

A 


vv_ 


_ .  1  £it  C«~  £>t~£»v ) 


i£,t  Ci  +H*- s^uU^- +  £>tk„-sn 


B,  —  f£«  *■  s*1 

Similar  results  for  g„H  are  obtained^ 
Because  of  space  limitation,  they  are 
omitted  here. 

In  above  formulae  the  subscripts  V  and  H 
denote  vertical  and  horizontal  polarization, 
respectively.  9{  is  the  incident  angle. 
cJ=>cos6i,  Sj=sin^.  K,  and  Ki  are  parameters 
of  sea  surface,  and  k,  =  wJjiX,  . 


NUMERICAL  CALCULATION 

We  have  obtained  the  formulae  of  back- 
scattering  cross  section  for  oil  film  on 
slightly  rough  sea  surface,  as  shown  in 
Eqs.  (1),  (2)  and  (3).  Here,  some  numerical 
results  are  given. 

Supposing  £\y=2.06— JO  .021 ,  £iy=58.11-J28.86, 
and  Ki=  0.003,  K4  =  5.5,  we  plot  the 
backscattreing  cross  section  Uw  as  a  funcion 
of  6^ and  k0 Ho  in  Fig.l.  It  has  been  seen  that 
when  k0H*  Increases  the  curves  approach  the 
curve  corresponding  to  kjH^to,  when  k#H„ 
decreases  the  curves  approach  the  curve  of 
ktH0  =  0.  For  different  k»H,  the  curves 
appear  great  differences.  It  indicates 
that  the  return  power  from  lower  interface 
always  affects  the  total  power.  That  is 
why  Ho  ,  as  an  important  parameter  in 

calculating  the  scattering  problem  should  be 
considered  for  general  case. 

Fig. 2  gives  the  scattering  characteristics 
of  oil  film  on  sea  surface,  which  are 
calculated  with  different  models.  The  solid 
lino  shows  the  results  calculated  by  present 
model,  and  the  dotted  line  denotes  the 
results  obtained  by  the  single  surface  model 
using  the  relative  formula  given  in  C13  and 
X  denotes  the  experimental  point.  The  good 
agreement  between  theoretical  and  experimen¬ 
tal  results  Justlfys  that  the  present  model 
is  more  reasonable  than  single  surface  model 
for  analyzing  the  oil  film  scattering 
problem. 
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ABSTRACT 

Results  from  a  quasi-optical  gyrotron  experiment  with 
a  20  —  28  cm  mirror  separation  will  be  presented  showing 
operation  from  95  —  130  GHz  at  powers  up  to  150  kW  and 
efficiencies  up  to  11%.  The  output  coupling  can  be  controlled 
by  varying  the  mirror  separation.  Efficiency  optimization  by 
variation  of  output  coupling  and  by  tapering  the  magnetic 
field  has  been  demonstrated. 

INTRODUCTION 

The  quasi-optical  gyrotron  (QOG)  has  been  under  devel¬ 
opment  as  a  megawatt  average  power  source  of  100-300  GHz 
radiation  for  ECRH  of  fusion  plasmas.1-3  It  differs  from  con¬ 
ventional  gyrotrons  by  having  an  open  resonator  formed  by  a 
pair  of  spherical  mirrors  instead  of  a  waveguide  cavity.  The 
QOG  operates  in  one  or  more  of  the  TEMoon  gaussian  modes 
of  the  resonator.  To  obtain  low  mirror  ohmic  losses  consis¬ 
tent  with  CW  operation  at  millimeter  wavelengths,  the  axial 
mode  index  n  must  be  large  (>  100)  and  the  relative  mode 
separation  must  be  small  compared  to  the  interaction  band¬ 
width.  This  leads  to  the  possibility  of  several  interacting  axial 
modes  with  attendant  mode  competition.  This  paper  presents 
results  from  an  experimental  study  of  this  operating  regime. 
The  separation  of  the  resonator  mirrors  is  adjustable  which  al¬ 
lows  independent  variation  of  the  resonator  output  coupling. 
The  QOG  has  operated  from  95  -  130  GHz  at  powers  up  to 
150  kW  and  efficiencies  up  to  11%.  Efficiency  optimization 
by  variation  of  output  coupling  and  by  tapering  the  magnetic 
field  has  been  demonstrated.  Operation  in  single  and  multi- 
mode  steady-states  has  been  observed.  These  results  point 
the  way  to  the  realization  of  megawatt  level  devices. 

EXPERIMENTAL  SETUP 

A  schematic  of  the  experiment  is  shown  in  Figure  1.  A  13 
H sec  pulselength  annular  electron  beam  with  a  velocity  pitch 
ratio  a  =  vj./v||  ~  1  is  generated  by  a  Varian  temperature- 
limited  MIG-type  gun  which  operates  at  voltages  up  to  78  kV 
and  currents  up  to  25  Amp.  A  magnetic  field  of  up  to  50  kG 
is  provided  by  superconducting  coils  in  a  modified  Helmholtz 
configuration.'  The  magnet  dewar  incorporates  a  0  inch  ax¬ 
ial  bore  and  a  4  inch  crossbore  which  contains  the  resonator 
mirrors  and  output  waveguides.  The  mirrors  used  in  the  ex¬ 
periment  have  a  38.7  cm  radius  of  curvature  and  a  diame¬ 
ter  of  5  cm.  The  mirror  separation  is  adjustable  from  20-28 
cm  while  under  vacuum  by  means  of  six  micrometers  which 
also  provide  for  mirror  alignment  and  translation  with  respect 
to  the  electron  beam.  The  resonator  output  coupling  is  via 
diffraction  around  the  mirror  edges  and  depends  on  the  op¬ 
erating  frequency  as  well  as  the  mirror  separation  as  shown 
in  Figure  2.  The  theoretical  results  shown  in  Figure  2  were 
obtained  using  a  code  based  on  a  scalar  diffraction  theory 
discussed  in  Ref.  3.  The  results  show  how  the  diffraction 
losses  increase  with  increase  in  mirror  separation.  The  mi¬ 
crowave  power  is  taken  out  equally  around  each  mirror  and 


is  output  through  a  pair  of  0.013  cm  thick  mylar  windows 
which  are  essentially  transparent  to  all  frequencies  produced 
by  the  device.  Frequency  measurements  were  obtained  us¬ 
ing  a  heterodyne  system  in  which  the  QOG  output  was  beat 
against  the  signal  from  a  12-15  GHz  tunable  oscillator  via 
a  harmonic  mixer.  Power  measurements  were  made  with  a 
laser  calorimeter  with  is  estimated  to  be  95%  absorptive  at 
120  GHz  based  on  reflectivity  measurements. 


Figure  1:  Schematicof  QOG  experiment. 

Large  volume  resonant  cavities  are  inherently  over- 
moded,  however,  the  present  resonator  and  output  coupling 
scheme  effectively  discriminates  against  higher  order  trans¬ 
verse  modes  (TEMmnj  with  m  >  0  or  n  >  0)  leaving  only 
the  lowest  order  gaussian  modes  of  the  form  TEMoo/,  where 
/  ~  150  -  200  depending  on  the  operating  frequency  and 
mirror  separation.  The  radiation  waist  radius  wo  ~  4.5A, 
where  A  is  the  wavelength  of  the  radiation.  The  frequency 
separation  between  adjacent  axial  modes  is  ~  0.5%  which 
is  much  less  than  the  interaction  bandwidth  (~  5%).  Thus 
multimode  effects,  which  are  an  issue  for  cw  devices  can  be 
investigated.  On  the  other  hand,  the  frequency  separation 
between  modes, ~  600  MHz,  was  easily  resolvable  by  our  fre¬ 
quency  diagnostic  system. 

RESULTS 

Extensive  measurements  have  been  carried  out  for  this 
configuration  including  threshold  current  studies,  output 
power  and  efficiency  measurements,  and  oscillation  frequency 
measurements.  The  threshold  current  studies  included  in¬ 
vestigation  of  the  effect  of  resonator  translation,  as  well  as 
variation  of  the  magnetic  field  and  mirror  separation.  These 
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measurements  were  generally  in  agreement  with  small  signal 
theory.  Threshold  currents  as  low  as  a  few  tenths  of  an  Am¬ 
pere  were  obseved.  The  best  fit  between  theory  and  experi¬ 
ment  was  obtained  by  assuming  a  ~  1.5  which  is  considered 
achievable  at  currents  below  an  Ampere.  At  higher  currents 
a  ~  1  is  considered  achievable  with  some  drop-off  expected 
for  currents  above  10  Amp. 


Figure  2:  QOG  resonator  output  coupling. 


Initial  power  and  efficiency  measurements  were  taken  at 
the  minimum  mirror  separation  of  20  cm.  This  minimizes 
the  output  coupling  and  so  leads  to  the  optimum  saturated 
efficiency  at  the  lowest  current  where  beam  quality  should 
be  highest.  The  measured  efficiency  as  a  function  of  beam 
current  is  shown  in  Figure  3  for  three  magnetic  fields.  At  a 
beam  voltage  of  75  kV,  a  magnetic  field  of  47  kG  leads  to 
operation  at  ~  120  GHz.  A  maximum  efficiency  of  11%  is 
obtained  at  a  beam  current  of  6  Amps.  A  disadvantage  of 
low  output  coupling  is  that  it  maximizes  the  effect  of  ohmic 
heating  of  the  mirrors.  This  is  estimated  to  absorb  over  30% 
of  the  total  power  generated  during  120  GHz  operation  and 
20  cm  mirror  separation.  Correcting  for  ohmic  heating,  the 
peak  electronic  efficiency  is  estimated  to  be  17%.  This  is  in 
good  agreement  with  nonlinear,  multimode  simulations  using 
the  parameters  of  this  experiment. 


Figure  3:  QOG  efficiency  for  20  cm  mirror  separation. 

For  a  magnetic  field  of  50  kG  and  a  mirror  separation 
of  20  cm,  the  efficiency  decreases  as  the  current  is  increased 


beyond  6  Amp.  This  effect  of  overdriving  the  resonator  is  well 
known  from  cavity  gyrotrons.  Increased  efficiency  at  currents 
above  6  Amps  can  be  obtained  in  the  QOG  by  increasing  the 
output  coupling  until  the  optimum  RF  field  amplitude  is  re¬ 
established  in  the  cavity.  This  effect  is  illustrated  in  Figure 
4  which  shows  output  power  optimization  by  variation  of  the 
mirror  separation  and  thus  the  output  coupling. 


Figure  4:  Output  power  vs.  mirror  separation. 

The  optimum  measured  output  power  was  obtained  by 
operating  the  gun  at  maximum  power:  about  78  kV  and  24 
Amp.  A  peak  power  of  125  kW  at  23  Amps  beam  current 
was  obtained  for  a  47  kG  magnetic  field.  Optimum  efficiecy 
operation  at  47  kG  was  generally  characterized  by  the  ex¬ 
citation  of  1  -  3  adjacent  longitudinal  modes.  No  evidence 
of  oscillation  in  higher  order  transverse  modes  was  observed. 
The  highest  measured  power  was  148  kW  at  a  beam  voltage 
of  78  kV  and  a  current  of  24  Amps.  This  power  was  obtained 
for  a  magnetic  field  of  50  kG  at  the  cavity  midpoint  and  a 
negative  2%  taper  across  the  interaction  region. 
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ABSTRACT 

In  quasi-optical  gyrotrons  the  angle  between  the  elec¬ 
tron  and  radiation  beams  has  considerable  influences  on 
gain,  harmonic  operation  and  efficiency.  This  paper  inves¬ 
tigates  the  effect  on  the  efficiency.  Numerical  simulations 
show  that  the  efficiency  peaks  at  particular  angles  and  is 
acceptable  even  for  the  seventh  harmonic.  So  the  quasi- 
optical  gyrotron  is  suitable  for  harmonic  operation. 


where  Q  =  ks.pji/mn. 

CALCULATION  AND  ANALYSIS 

Plots  with  efficiency  versus  angles  ranging  from  20°  to 
90°  for  the  first  three  harmonics  with  V  =  80fcv,pj./p||  — 
1.93,  Bo  —  50 kG,  and  the  waist  radius  ro  =  1cm  are  shown 
in  Figs.  (1)  to  (3)  where  the  normalized  E  field  ampli¬ 
tude  e  =  eEoro/mc2sina  and  the  detuning  £  =  I(u>c  —  w  + 
A;||U-)/vz.  One  can  see  that  the  maximum  doesn’t  reach  at 
90°  but  at  a  smaller  angle.  This  is  because  although  at  90° 
the  opposing  Weibel  instability  is  gone^5\  the  interaction 
length  which  is  in  fact  the  waist  diameter  of  the  rf  is  too 
short.  So  there  is  a  compromise  between.  Also  one  can  see 
that  below  some  angle  the  efficiency  is  low.  There  are  two 
distinct  regimes  with  noticably  different  efficiencies.  This  is 
consistent  with  our  linear  theory  in  Ref.(5)  where  two  gain 
regimes  were  identified. 


FIELD  AND  PARTICLE  EQUATIONS 

In  this  paper  the  formulation  in  Ref.2  which  was  de¬ 
veloped  for  a  perpendicular  injection  geometry  is  extended 
to  include  geometries  with  arbitary  injection  angles. 

In  the  primed  frame  which  is  affiliated  to  the  resonator 
the  E  and  B  fields  can  be  expressed  as 

E  =  e'xE0exp(—z2sin2a/ro)cosu>tsin(kjLy  —  k\\z) 

B  ss  c'yEoexp(—z2sin2a/r$)sinwtcos(kxy  —  k^z) 
where  a  is  the  angle  between  the  electron  and  radiation 
beams. 

Using  as  independent  variables  pj_,i>,  (transverse  mo¬ 
mentum  and  angle)  xg  and  yg  (guiding  center  coordinates) 
the  equations  of  motion  then  reduce  to 

-  _  £1 —  E(z)J'n{Q)c0s(uit  -  nil>)cos(kxyg  -  k\\z  -  nn/2)- 
az  pz 

0222  E(z)J'n(Q)sin(wt  —  mp)sin(kxyg  —  fc||z  —  mr/2) 


dp.  epxcosa 


E(z)J'n(Q)sin(ojt  —  nxp)sin(kxyg  —  fcyz  —  nn/2) 


drp  _nw  eE(z)my  nJn(Q)  /  pxsinaQ\ 
dz  p.  pzpx  Q  \  myc  n) 
sin(u)t  —  mp)cos(kxyg  —  fc||Z  —  »wr/2)+ 
eB(z)coSa  nJ„{Q)  „ 


cpx  Q 


c os(wt  -  tvj>)sin(kxyg  -  A-q s  -  mjt/2) 


cyEjz) 
dz  p.Q 


|  -  -  1^  cos(wt  —  ml>)sin(kxyg  —  &||Z  —  mr/2)+ 

— - sin(wt  —  nrf>)cos(kxyg  —  fy|r  —  U7r/2)| 
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ABSTRACT 

An  axisymmetric  quasi-optical  gyrotron  was 
designed,  constructed,  and  operated.  Its  cavity 
resonator  was  composed  of  a  conical  mirror  and  a 
plane  slotted  mirror.  The  observed  oscillation 
frequencies  were  in  a  range  from  114  to  123  (!H7.. 
Output  waves  were  transmitted  quasi-optical ly  to  a 
water  load.  The  measured  output  power  was  more  than 
20  kW  at  a  frequency  of  120  GHz. 


INTRODUCTION 

Toshiba  has  been  developing  a  concept  of 
axisyaaetric  quasi-optical  gyrotron  [1-3]  to  realize 
1  MW  cw  millimeter  wave  sources.  The  gyrotron  has  a 
quasi-optical  system  composed  of  coaxial  annular 
reflection  mirrors,  two  of  which  are  for  a  cavity 
resonator.  As  shown  in  Fig.  1,  one  of  the  mirrors 
forming  the  cavity  is  conical  and  the  other  is  plane. 
Waves  arc  excited  in  this  cavity  by  a  co-axial  ly 
injected  hollow  electron  beam,  which  propagate  back 
and  forth  along  the  ray  path  from  point  1  to  4.  Near 
the  axis  of  the  conical  mirror,  the  wave  function  can 
be  expressed  by 


<t>  (r.o.z)  !<t>o|  Jin'  (krle^i  im/kr*Jm(kr)eP] 
•  exp(  ^Ziim(d-flo)  J 


where  k~2*/A ,  ( a: wavelength ) ,  m  is  the  azimuthal  mode 
number,  and  v  can  bo  obtained  by  the  equation  in  Ref. 

1 2 1 .  The  plane  mirror  is  radially  slotted  to  serve  as 
a  partially  and  uniformly  transparent  mirror  |4|.  The 
field  leaking  out  of  the  cavity  through  the  slot 
array  propagates  in  the  form  of  a  hollow  Gaussian 
radiation  beam,  which  can  be  transmitted  by  using  a 
series  of  the  annular  reflection  mirrors  (2). 

A  120  GHz- 20  kW  test  tube  was  designed  and 
constructed  to  demonstrate  this  quasi-optical 
gyrotron  concept. 

DESIGN 

Figure  2  shows  the  configuration  of  the  present, 
quasi-optical  gyrotron.  The  electron  gun  produces  a 
hollow  electron  beam  of  2  3  A  at  a  voltage  of  30  kV. 
Its  radius  becomes  0.8  mm  at  the  cavity  in  a  magnetic 
field  of  4.5  T.  As  shown  in  Fig.  1,  the  cavity  is 
designed  with  the  following  three  parameters:  cavity 
radius  R,  mirror  spacing  1 ,  and  radius  of  curvature  p. 

In  the  present  design,  R-lt-7.5  cm,  P  42.4  cm.  The 
plane  mirror  forming  the  cavity  has  250  slots  to 
serve  as  a  partially  transparent  mirror  with  a 
voltage  reflection  coefficient  of  95  %  at  120  GHz. 
The  output  waves  propagate  into  the  transmission 
channel  consisting  of  5  mirrors  and  finally  into  a 
water  load. 


EXPERIMENTAL  RESULTS 

Oscillation  frequencies  were  observed  at  the 
water  load  section.  Resonant  frequencies  f  in  the 
present  cavity  are  given  by  f  fo(l*  n  Af/fo), 
(n:intger).  where  Af/fo-  A/f2(l  *R)J  and  is  the 
reference  frequency.  For  fo--,120  GHz  and  1  iR-15  cm,  we 
obtain  Af/fo^O. 83  3>,  i.c.,Af=l  GHz. 

Figure  3  shows  the  observed  oscillation 
frequencies  in  the  tube  for  various  cavity  magnetic- 
fields.  They  were  in  a  range  from  114  to  123  GHz  with 
a  frequency  spacing  of  -1  GHz,  i.c.,  the  excited 
waves  propagated  along  the  designed  ray  path  shown  in 
Fig.  1 

A  numerical  calculation  was  carried  out  for  the 
field  profiles  and  resonant  frequencies  in  the 
present  cavity  with  Huygens'  principle.  Figure  4 
shows  the  calculated  phase  ( F )  of  the  wave  at  the 
cavity  axis  relative  to  that  at  the  plane  mirror.  The 
relative  phase  must  satisfy  the  condition  of  P-nx. 
(n:  integer).  We  see  from  Fig.  4  that  the  calculated 
resonant  frequencies  were  in  good  agreement  with  the 
observed  values. 

The  power  was  measured  for  an  output  wave  with 
a  frequency  of  120.4  GHz  oscillated  by  the  electron 
beam  of  30  kV  3.5  A,  (3  rus  pulse)  and  which  was 
evaluated  to  be  24t2  kW  (of f iciency~23i2  %) . 

Figure  5  shows  the  calculated  starting  currents 
and  output  powers  for  various  azimuthal  modes  m  under 
the  present  experimental  condition.  We  see  from  Fig. 
5  that  the  modes  m=0  3  were  able  to  be  oscillated  and 
the  optimum  power  had  a  nearly  equal  value  as  that 
obtained  in  the  experiment.  However,  the  oscillated 
azimuthal  mode  was  not  clarified  by  the  experiment. 


CONCLUSIONS 

A  concept  of  an  axisymmetric  quasi  optical 
gyrotron  has  been  demonstrated  by  constructing  a  120 
GHz  20  kW  test  tube.  Observed  oscillation  frequencies 
were  in  a  range  from  114  to  123  GHz  with  a  frequency 
spacing  of  -l  GHz.  This  result  indicates  that  the 
resonated  waves  propagate  back  and  forth  along  the 
designed  ray  path  in  the  cavity. 

The  output  wave  power,  transmitted 
quasi-optical ly  by  annular  reflection  mirrors  to  the 
water  load,  was  in  good  agreement  with  the  calculated 
value.  However,  its  azimuthal  mode  was  not  clarified. 
The  mode  number  would  be  in  the  range  from  0  to  3. 

It.  should  be  noted  that  the  quasi-optical 
system  in  the  present  tube  would  have  sufficent  size 
to  generate  1  MW  RF  power  with  coaxially  injected 
dual  electron  beams  |3J. 
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CONICAL  MIRROR  PLANE  MIRROR 

Fig.  1.  Quasi-optical  cavity  composed  of  conical 
and  plane  slotted  mirrors 


4.2  4.3  4.4  4.5  4.6  4.7 


119  120  121  1 22 

FREQUENCY  (GHz) 

?ig.  4.  Relative  phase  of  wave  propagating  from  plane 


mirror  to  axis  of  conical  mirror,  where 
dots  indicate  obserbed  frequencies. 


0  A  1.0  A'  2.0 

FREQUENCY  HISHA1CH  (f-  n/2*  )/f,  (X) 


CAVITY  HAGNETIC  FIELD  (T)  Fig.  5.  Calculated  starling  currents  ami  output  powers 

for  various  rotating  modes  m.  where  a  is 
Fig.  3.  Relation  between  observed  frequencies  cyclotron  frequency.  Modes  of  frequency 

and  cavity  magnetic  fields  f  can  be  excited  in  region  from  A  to  A. 


Fig.  2.  Configuration  of  axisymoetric  quasi -opt iral 
gyrotron  test  tube 
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ABSTRACT 

An  electron  gun  has  been  designed  to  produce  dual  sheet  electron 
beams  to  be  used  in  a  1  MW,  120  GHz  quasi-optical  gyrotron.  In¬ 
itial  design  work  was  performed  using  the  Henrmannsfeldt  Code 
EGN.  Final  design  and  simulation  was  performed  using  the  3- 
dimensional  ARGUS  code.  Use  of  a  segmented  sheet  beam  to  op¬ 
timize  the  efficiency  has  been  examined. 

INTRODUCTION 

The  quasi-optical  (QO)  gyrotron  is  a  promising  source  of  high 
power  mm  wave  radiation.  With  a  klystron  configuration,  ef¬ 
ficiencies  up  to  45%  arc  predicted.  Due  to  the  large  resonator  mir¬ 
rors,  output  powers  of  several  megawatts  at  300  GHz  may  be 
possible. 

Presently,  QO  gyrotrons  are  constructed  using  cylindrically  sym¬ 
metric  MIG-type  electron  guns.  This  type  of  electron  gun  is  a 
holdover  from  more  traditional  cylindrical  cavity  gyrotrons.  Un¬ 
like  the  resonator  of  a  cylindrical  cavity  gyrotron,  the  resonator 
axis  of  a  QO  gyrotron  is  oriented  at  right  angles  to  the  direction 


Figure  1.  Schematic  of  a  Quasi-Optica!  Gyrotron 


of  beam  propagation,  as  shown  in  Figure  1.  For  good  efficiency 
the  radiation  beam  waist  must  be  on  the  order  of  10  wavelengths 
in  diameter.  Since  the  beam  extent  must  be  significantly  less  than 
this  dimension,  this  limits  the  diameter  of  an  annular  electron 
beam.  This  limitation  is  significant  for  megawatt  operation  at 
wavelengths  approaching  1  mm. 

This  paper  describes  the  design  of  an  electron  gun  with  a  rectan¬ 
gular  geometry  capable  of  producing  an  electron  beam  which  is 
thin  in  one  direction,  thus  satisfying  the  need  for  the  beam  to  lie 
within  the  waist  of  the  radiation  beam.  The  beam  can  be  quite 
wide  in  the  direction  of  the  radiation  beam  axis;  therefore  the 
cross-sectional  area  of  "sheet"  beam  can  be  significantly  greater 


than  that  of  an  annular  beam.  This  allows  the  beam  current  and 
consequently  the  output  power  of  the  QO  device  to  be  larger. 

Additionally,  we  have  examined  the  feasibility  of  segmenting  this 
sheet  beam  into  "beamlets",  such  that  each  beamlet  will  pass 
through  the  resonator  at  the  position  of  a  peak  of  the  standing 
electric  field  pattern.  This  is  expected  to  increase  the  efficiency 
of  the  device  by  ~30%  because  little  or  no  beam  current  will  pass 
through  the  standing  wave  in  the  resonator  at  a  position  where  the 
electric  field  is  zero. 

DESIGN 

The  geometry  of  the  proposed  design  and  experiment  is  inherent¬ 
ly  3-dimensional.  While  the  geometries  of  the  gun  and  the  beam 
are  rectangular,  the  magnetic  field  in  which  they  are  immersed  and 
compressed  is  cylindrical.  Further,  the  edge  effects  and  any  seg¬ 
mentation  of  the  beam  will  require  3-D  modeling.  However,  for 
the  present  problem,  the  "radial”  component  of  the  magnetic  field 
is  much  smaller  than  the  axial  component  and  thus  the  beam 
(without  including  beamlets  or  edge  effects)  can  be  approximate¬ 
ly  modeled  using  2-D  Cartesian  geometry.  Thus  initial  modeling 
has  been  performed  in  2-D,  with  more  expensive  3-D  modeling 
used  as  a  check. 

2-D  Design 

The  2-D  simulation  was  performed  using  the  Henmannsfeldt 
Code  EGN  run  in  the  rectangular  geometry  mode  with  the  cylindri¬ 
cal  magnetic  field  information  input  as  an  axial  array.  This 
produces  a  good  modeling  in  the  gun  region,  where  the  magnetic 
field  is  essentially  constant  along  the  axis,  and  is  an  inexpensive 
method  of  optimizing  the  electrodes.  In  the  drift  region,  where  the 
magnetic  field  increases,  the  modeling  is  not  strictly  correct.  Con¬ 
servation  of  canonical  angular  momentum  requires  that,  in  the  Car¬ 
tesian  geomeu  ,  the  guiding  centers  of  the  beam  electrons 


Figure  2.  Schematic  of  the  Sheet  Beam  Cathode 
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compress  as  1/BZ,  while  in  the  axial  cylindrical  geometry,  the  com¬ 
pression  goes  as  1/BZ0'5.  This  clearly  gives  an  incorrect  modeling 
of  the  beam  trajectories.  However,  the  beam  current  density  is  cor¬ 
rectly  modeled,  and  thus  space  charge  effects  can  be  observed.  In 
addition,  based  on  earlier  experience  with  cylindrical  beams,  the 
trajectories  of  the  guiding  center  radii  can  be  quite  accurately 
determined  using  analytic  calculations  based  on  adiabatic  com¬ 
pression. 

The  gun  geometry  is  shown  in  Figure  2. 

The  results  of  the  simulations  are  summarized  in  Table  1  and 
Table  1.  Gun  Parameters 


Voltage  80  kV 

Current  (Both  beams, 
unsegmented)  130  A 

Magnetic  Field  Compression  38 

Cathode 

half  angle  27° 

slant  length  24  mm 

width  78.8  mm 

beamlet  width/spacing  3.75/7.5  mm 

current  density  4.4  A/cm2 


Figure  3.  Figure  3  shows  the  spread  of  Vperp  as  a  function  of  axial 
position  along  the  beam.  Due  to  the  relatively  low  current  den¬ 
sity,  the  38: 1  area  compression  of  the  beam  was  adiabatic,  and  the 
perpendicular  velocity  spread  remained  largely  constant.  (In  ear¬ 
lier  designs,  with  a  cathode  current  density  of  10  A/cm2,  an  in¬ 
crease  in  the  perpendicular  velocity  spread  with  magnetic  field 
was  observed,  consistent  with  other  reported  experience.)  The 
cooling  of  the  beam  is  not  well  understood,  but  was  observed  in 
most  of  the  designs  modeled.  The  velocity  spread  is  expected  to 


Figure  3.  Spread  in  Vperp  vs  Axial  Position 

be  low  enough  to  avoid  either  degradation  in  the  gyrotron  efficien¬ 
cy  or  significant  beam  mirroring,  and  is  similar  to  the  velocity 
spread  predicted  for  the  "MIT"  megawatt  gun.  A  symmetric 
cathode,  not  masked  into  beamlets,  would  yield  a  total  beam  cur¬ 
rent  of  130  A  and  beam  power  of  10.4  MW.  The  fully  compressed 
height  of  the  beam  is  4.2  mm,  34%  of  the  beam  waist  of  a  120  GHz 
gyrotron,  and  thus  the  rf  electric  field  would  vary  no  more  than 
10%  across  the  beam. 

ExB  Drifts 

One  of  the  principal  concerns  with  the  sheet  beam  is  that  ExB  drifts 
will  cause  distortion.  Their  are  three  types  of  distortion:  (1)  Due 


to  the  self  field  Ey,  the  (y)  edges  of  the  beam  will  move  in  the  x 
direction,  causing  a  curling  of  the  beam.  This  motion  occurs 
primarily  in  the  drift  region,  due  to  its  length.  It  has  been  modeled 
using  a  Poisson  solver,  2-D  in  the  plane  of  beam,  and  integrating 
the  particle  motion,  assuming  the  axial  electric  fields  to  be  zero. 
This  simulation  showed  a  noticeable,  but  not  important  distortion. 
(2)  The  electric  fields  in  the  anode-cathode  gap  will  produce  a  slid¬ 
ing  of  the  beam  in  the  y  direction.  This  motion  is  modeled  by  EGN. 
The  average  drift  for  the  present  design  is  1.8  cm.  Of  course,  the 
beams  from  the  two  sides  of  the  cathode  will  move  in  opposite 
directions,  and  this  must  be  taken  into  account  in  the  design.  (3) 
Since  the  electrons  originating  near  the  back  of  the  cathode  spend 
much  more  time  in  the  diode  fields  than  those  starting  near  the 
nose,  there  will  be  a  difference  in  the  drifts,  and  a  corresponding 
skewing  of  the  beam.  This  is  important  only  if  the  beam  is  seg¬ 
mented  into  beamlets  for  efficiency  enhancement,  as  the  beamlets 
could  be  tilted  such  that  they  overlap  and  thus  become  ineffective. 
EGN  can  be  used  to  estimate  the  skewing,  and  indicates  a  1.2  cm 
difference  in  the  drifts.  This  is  an  unacceptable  amount  because 
the  beamlet  separation  at  the  cathode  is  only  0.75  cm.  However, 
this  can  be  easily  corrected  by  slanting  the  emitters  in  the  opposite 
direction. 

3-Dimensional  modeling 

Three  dimensional  modeling  is  being  accomplished  using 
ARGUS,  a  3-dimensional  Poisson  solver.  The  simulation  has 
been  carried  past  the  point  in  the  compression  cycle  where  the 
EGN  code  shows  complete  thermalization  of  the  beam.  Figure  4, 
a  view  looking  down  on  the  beam  (y-z  plane),  shows  the  degree 
of  mixing  of  the  beamlets  as  they  propagate  through  the  compres¬ 
sion  and  drift  region.  The  initial  ExB  drift  is  seen  near  the  diode 
region. 

CONCLUSIONS 

Extensive  2-D  and  initial  3-D  calculations  indicate  that  a  sheet 
beam  electron  gun  for  a  quasi-optical  gyrotron  will  produce  a 
beam  with  a  low  velocity  spread.  Pending  further  3-D  modeling, 
the  formation  of  beamlets  for  enhancement  of  efficiency  and/or 
second  harmonic  operation  appears  feasible.  An  80  kV,  130  A  gun 
is  presently  being  fabricated. 

This  work  was  sponsored  by  the  Department  of  Energy  under  con¬ 
tract  number  DE-AC05-87ER80523. 
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Figure  4.  Plot  of  the  beam  trajectories  in  the  y-z  plane. 
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The  stability  of  modes  in  a  quasi-optical 
gyrotron  is  examined  analytically  and  numerically 
for  both  free  running,  mode  locked  and  phase  locked 
equilibria.  One  key  to  the  analysis  is  the  fact 
that  the  mode  eigenfrequencies  are  nearly  integral 
multiples  of  a  fundamental  frequency  corresponding 
to  the  reciprocal  of  the  radiation  transit  time 
between  mirrors.  Analytically,  results  are 
obtained  with  the  use  of  a  klystron  model.1'2 
Here,  the  radiation  field  in  the  optical  resonator 
is  approximated  as  essentially  two  delta  functions 
separated  by  the  radiation  waste  length.  It  is  not 
exactly  two  delta  functions  because  the  field  must 
be  square  integrable.  However,  if  the  separation 
is  sufficiently  large  (//»1,  where  //  is  the 
dimensionless  length  unit  in  normalized  gyrotron 
parameters)  the  klystron  model  is  approximately 
valid.  This  model  gives  a  good  approximation  to 
the  linear  and  nonlinear  behavior  of  a  single  moded 
quasi-optical  gyrotron  with  realistic  field  profile 
as  long  as  0  <  //S  <  rt  where  8  is  the  dimensionless 
frequency  mismatch  parameter  in  normalized  gyrotron 
parameters.  Using  the  klystron  model,  one  may 
solve  analytically  for  the  time  dependence  of  the 
field  amplitude.  For  instance  one  can  calculate 
the  frequency  shift  in  the  initial  linear  regime, 
as  well  as  in  the  final  nonlinear  regime.  By  going 
to  a  multimode  state,  one  can  calculate 
analytically  the  condition  for  instability.  The 
instability  takes  one  of  two  possible 
characteristics.  In  one  case  the  phase  may  be 
unstable;  here  the  nearest  mode  is  always  unstable. 
In  other  cases,  the  amplitude  may  be  unstable; 
here,  it  is  generally  not  the  nearest  mode  which  is 
unstable.  With  the  klystron  model,  one  can 
determine  the  parameter  space  of  stable  and 
unstable  single  mode  equilibria. 

One  way  to  control  the  mode  in  a  quasi-optical 
gyrotron  is  to  mode  lock  it  in  some  manner.  There 
are  two  basic  methods  of  doing  this  which  we 
consider.  First  one  may  directly  inject  a  signal 
into  the  optical  cavity,  or  second  one  may  prebunch 
the  beam  with  a  separate  prebunching  cavity.5  In 
either  case,  the  frequency  shift  of  the  injected 
signal  from  that  of  the  free  running  oscillator  (or 
equivantly,  the  phase  shift  between  the  injected 
signal  and  oscillator  signal)  adds  one  additional 
dimension  to  the  parameter  space.  If  the  signal 
used  is  obtained  from  a  separate  rf  source,  the 
equilibrium  produced  will  be  phase  locked  to  this 
separate  source.  On  the  other  hand,  if  the  signal 
is  obtained  in  some  way  from  quasi-optical  gyrotron 
itself4,  the  signal  will  be  mode  locked.  Whether  a 
phase  locked  or  mode  locked  source  is  desired 


depends  on  the  application.  The  klystron  model  is 
also  analytically  tractable  in  examining  the 
stability  of  a  directly  injected  phase  locked 
equilibrium.  We  find  that  the  effect  of  the 
directly  injected  signal  into  the  cavity  has  a 
small  stabilizing  effect  on  the  equilibrium, 
principally  in  the  stabilizing  effect  it  has  on  the 
phase  unstable  mode.  However  the  use  of  a  directly 
injected  signal  also  could  have  the  effect  of 
setting  up  the  oscillator  in  one  preferred  mode  out 
of  many  possible  stable  equilibria.  For  the  case 
of  the  prebunched  beam,  the  klystron  model  is 
analytically  tractable  only  for  the  case  of  the 
'ultimate  prebunching' ,  that  is  all  particles 
entering  at  a  particular  phase.  For  this  case,  the 
stability  boundary  for  the  quasi-optical  gyrotron 
is  significantly  affected. 

For  a  more  realistic  field  profile  in  the 
resonator,  the  stability  is  computed  numerically 
with  a  modification  of  the  multimode  simulation 
developed  earlier.4  Once  the  equlibrium  is 
obtained,  perturbed  orbits  are  calculated  and 
inserted  in  the  equations  for  the  two  sidebands. 

The  growth  rates  for  these  two  modes  are  then 
computed  numerically.  For  the  free  running 
oscillator  case,  for  a  particular  value  of  v,  a 
plot  of  the  stable  regions  in  the  space  of  8  and 
field  amplitude  parameter  F  is  obtained.  Typically 
a  mode  can  be  stable  for  values  of  current  as  high 
as  twenty  times  the  start  oscillation  threshhold 
current.  Results  will  be  presented  for  direct 
injection  phase  locked  equlibria  and  prebunched 
beam  phase  locked  equilibria,  and  the  results  will 
be  compared  with  the  results  for  free  running 
equilibria. 
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ABSTRACT 

A  resonator  consisting  ot  three  successive 
cavities  with  different  radii  is  proposed 
for  a  step-tunable  gyrotron.  Different  fre¬ 
quencies  of  the  operating  mode  can  be  ex¬ 
cited  in  individual  cavities  by  means  of 
changing  the  beam  radius  and  the  strength 
of  the  external  magnetic  field.  A  resonator 
for  the  frequencies  120  GHz,  140  GHz,  and 
150  GHz,  as  desired  by  the  JET,  is  con¬ 
sidered  for  the  operating  mode  as  an 
example.  Mode  competition  in  this  resonator 
is  investigated  theoretically. 

INTRODUCTION 

In  applications  it  is  sometimes  desirable 
that  the  operating  frequency  of  a  gyrotron 
can  be  varied.  Gyrotron  frequency  can  be 
changed  by  changing  the  guiding  external 
magnetic  field  or/and  the  voltage  of  the 
applied  accelerating  field.  A  gyrotron 
operates  under  the  condition 
w/ce)  x  /R,  where  w  is  frequency,  c  is 
light  velocity,  x  is  zero  of  the  deri¬ 
vative  of  the  Bessel  function,  which  speci¬ 
fies  the  operating  mode,  and  R  is  the  cavi¬ 
ty  radius.  Here  three  cases  should  be  dis¬ 
tinguished.  1)  x  =  const  and  R  =  const. 
This  is  the  so-called  frequency  pulling  by 
the  electron  beam.  It  has  been  shown  re¬ 
cently  [1]  that  here  the  frequency  can  be 
changed  at  most  twice  of  the  natural  width 
Au/ u>s*  2/Q,  where  Q  is  the  quality  factor. 
2)  x  const  and  R  =  const.  In  this 
case^frequency  change  is  accompanied  by  the 
mode  change  [2].  3)  x  =  const  and  R  * 
const.  In  this  case  frequency  changes  with 
R  for  the  prescribed  mode.  Here  one  should 
distinguish  the  fine  tuning  (2]  and  the 
step-tuning  which  is  the  subject  of  the 
present  note,  step- tunable  gyrotrons  are 
desired  by  JET,  where  the  frequencies  120 
GHz,  140  GHz,  and  150  GHz  are  specified. 

METHOD 

We  propose  a  resonator  consisting  of  three 
successive  cavities  with  different  radii 
(Fig.  1) .  In  this  resonator  the  principal 
TE06  mode  can  be  excited  in  different  parts 
of  the  cavity  at  different  frequencies  by 
adjusting  optimally  the  electron  beam  radi¬ 
us  by  changing  appropriately  magnetic 
fields.  The  values  of  the  corresponding 


parameters  are  given  in  Table  I.  In  this 
scheme  the  problem  of  mode  competition  may 
be  very  severe  if  the  principal  mode  is 
higher  than  TE01.  Indeed,  in  addition  to 
the  "ordinary"  mode  competition  in  each 
individual  cavity,  mode  competition  between 
the  modes  in  different  cavities  must  be 
also  considered. 


RESULTS 

We  have  treated  mode  competition  with  the 
method  described  in  [3].  The  results  of  the 
calculations  are  shown  in  Figs.  2-4  where 
the  indices  -  and  +  correspond  to  co¬ 
rotating  and  contra-rotating  HF  fields,  re¬ 
spectively.  In  the  calculations  we  used  the 
external  parameters  which  are  close  to  the 
KfK  experiment:  U  =  70  kV  and  Vx/V„  =  1.5. 

CONCLUSION 

With  the  resonator  proposed  it  should  be 
possible  to  operate  a  gyrotron  at  three 
different  frequencies  with  the  TE06  mode. 
If  such  a  gyrotron  is  supposed  to  be  used 
for  plasma  heating  one  should  solve  the 
problem  of  delivering  the  output  power  to 
plasma  in  the  form  of  the  TE01  mode.  The 
existing  mode  converters  [4]  have  a  very 
narrow  bandwidth.  However,  it  should  be 
much  easier  to  exchange  mechanically  a  mode 
converter  than  a  resonator  in  a  gyrotorn. 
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Table  I 

Cold  cavity  resonant  frequencies,  quality 
factors  and  optimal  electron  beam  radii  for 
the  TE06  mode  excited  in  different  parts  of 
the  resonator. 


Cavity 

F  (GHZ) 

Q 

Rel(mm) 

I 

150.048 

1495 

1.70 

II 

140.248 

903 

1.82 

III 

120.197 

892 

2.13 

step-tunable  gyrotron.  In  the  study  of  the 
TE06  mode  we  fixed 

R  =  6.25  mm,  R_  =  6.70  mm,  R.  =  7.81  mm 

Lj"  =  10  mm,  L,  =  10  mm,L  =  2.5  mm, 

LT'  =  12  mm,  ht  =  6.3  mm,  L-  =  16  mm, 

IZ  =  10  mm,  oc,  =  0.5°,  ot  =  o°, 

10°,  =  0° ,  ot -=  1 6«,  et,=  0®, 

andol,  =  3®4 


Figure  2 

Gyrotron  map  in  the  case  of  excitation  of 
the  operating  TE06  mode  in  the  first  cavi¬ 
ty.  The  boundary  of  the  self-excitation 
region  of  the  parasitic  TE36+  mode  in  the 
second  cavity  in  the  presence  of  oscilla¬ 
tion  of  the  operating  mode  in  the  first  ca¬ 
vity  is  marked  by  dots  from  the  side  of 
self-excitation.  The  parasitic  TE37+  mode 
in  the  third  cavity  is  completely  sup¬ 
pressed  by  the  operating  mode.  Starting 
currents  of  other  parasitic  modes  (TE17+, 
TE18_,  and  TE85+)  are  larger  than  18  A 
and  are  not  shown.  The  external  magnetic 
field  is  homogenous. 


Figure  3 

Gyrotron  map  in  the  case  of  excitation  of 
the  operating  TE06  mode  in  the  second  cavi¬ 
ty.  The  parasitic  TE64_  and  TE16_  modes 
in  the  first  cavity  cannot  be  excited  in 
those  regions  where  the  corresponding 
starting  currents  are  higher  than  the 
starting  current  of  the  operating  mode.  The 
parasitic  TE27_,  TE07  and  TE75_  in  the 
third  cavity  are  completely  suppressed  by 
the  operating  mode.  The  external  magnetic 
field  is  homogenous. 


Figure  4 

Gyrotron  map  in  the  case  of  excitation  of 
the  operating  TE06  mode  in  the  third  cavi¬ 
ty.  The  parasitic  TE44+  mode  in  the  first 
cavity  and  the  parasitic  TE73t,  TE05,  and 
TE54_  modes  in  the  second  cavity  cannot 
be  excited  in  those  regions  where  the  cor¬ 
responding  starting  currents  are  higher 
than  the  starting  current  of  the  operating 
mode.  The  external  magnetic  field  is  homo¬ 
genous. 
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ABSTRACT 

Discrete  devices  made  from  GaAs  have  been  used 
for  many  year3  in  sensitive  receivers  in  the 
microwave  and  millimetre-wave  (mm-wave)  bands 
(1-300  GHz) .  An  extensive  international  research 
effort  is  now  under  way  to  develop  GaAs  mono¬ 
lithic  integrated  circuits  (MMICs)  for  microwave 
and  mm-wave  frequencies.  This  paper  will  review 
recent  developments  in  mm-wave  integrated  circuit 
technology. 

INTRODUCTION 

The  greatest  impetus  to  the  growth  of  mm-wave 
technology  has  arisen  from  military  radar,  com¬ 
munications  and  passive  imaging  applications. 
However,  commercial  mm-wave  requirements  for 
collision  avoidance  radars,  remote  sensing  and 
communications  are  expected  to  grow.  Traditional, 
waveguide-mounted  devices  and  components  have 
been  shown  to  be  inadequate  for  these  applica¬ 
tions  in  terms  of  size,  cost  and  reliability. 

A  more  viable  approach  -  mm-wave  hybrid  integra¬ 
ted  circuit  technology  (MIC)  -  which  utilises 
several  discrete  GaAs  semiconductor  devices  on  a 
subsidiary  dielectric  substrate,  has  beer,  devel¬ 
oped  to  maturity  in  recent  years.  An  interna¬ 
tional  effort  i3  now  under  way  to  develop  high- 
performance  monolithic  GaA3  integrated  circuits 
to  replace  the  hybrid  IC3  currently  available, 
reducing  unit  costs  and  enhancing  performance  and 
reliability.  A3  a  consequence,  a  rapid  growth  in 
the  use  of  mm-wave  systems  is  to  be  expected. 

The  conference  presentation  will  review  recent 
research  and  development  results  in  the  fields  of 
hybrid  (MIC)  and  monolithic  (MMIC)  integrated 
circuit  receiver  technology,  and  present  the 
results  of  the  Division's  research  programme 
aimed  at  developing  MMIC3  and  MIC3  for  applica¬ 
tion  in  low-noise  receivers. 

MILLIMETRE-WAVE  MESFET  AND  HEMT  AMPLIFIERS 


integration  on  GaAs  with  sufficiently  low  para¬ 
sitic  series  resistance  and  shunt  capacitance  for 
successful  mm-wave  operation.  Most  of  the  work 
reported  to  date  has  been  oriented  towards  the 
development  of  Mott  diodes  for  mixer  applica¬ 
tions.  Air  bridge  technology  has  been  widely 
used  for  anode  interconnects,  and  both  ion- 
implantation  and  MBE  growth  have  been  used  to 
prepare  the  epitaxial  structures  on  which  the 
diode  i3  formed.  However,  small-area  planar 
devices  (less  than  about  30  square  microns)  and 
planar  integrated  varactor  diodes  have  not  been 
reported.  The  reduction  of  diode  area  and  hence 
junction  capacitance,  without  significantly 
increasing  series  resistance,  will  be  necessary 
if  the  planar  diode  technology  i3  to  rival  the 
performance  of  conventional  whisker-contacted 
diodes.  Typical  performance  achieved  with  both 
hybrid  and  monolithic  integrated  circuit  mixers 
and  frequency  multipliers  incorporating  planar 
Schottky  diodes  is  summarised  in  Table  2  and  3. 


TABLE  1 


Low-noise,  millimetre-wave  MESFET  and  HEMT 
amplifiers  at  room  temperature 


Device 

Freq 

Fmin 

Gav 

Gmax 

type 

(GHz) 

(dB) 

(dB) 

(dB) 

MESFET 

30 

2.0 

6.2 

- 

40 

2.6 

6.9 

- 

60 

3.4 

3.8 

- 

60 

7.0 

4.0 

Conventional  HEMT 

40 

1.8 

7.5 

12.5 

62 

2.5 

4.4 

9.0 

70.0 

7.8 

5.0 

- 

94.0 

- 

- 

3.6 

Pseudomorphic  HEMT 

62 

2.4 

4.4 

11.7 

HEMT  MMIC  Amplifier 

44 

5.0 

5.5 

- 

Ref3:  1,2, 3, 4. 


Much  progress  has  been  made  in  recent  years  in 
extending  the  operating  frequency  of  MESFETs  and 
HEMT3  into  the  mm-wave  regime.  These  advances 
came  about  through  the  use  of  direct-write  elec¬ 
tron  beam  lithography  to  prepare  the  sub-half¬ 
micron  gate  lengths  which  are  essential  for 
mm-wave  amplification.  Table  1  summarises  per¬ 
formance  achieved  with  MESFETs  and  HEMTs  in  the 
mm-wave  bands. 

In  general,  GaA3/AlGaAs  HEMTs  provide  lower  noise 
at  higher  frequencies  when  compared  with  MESFETs 
of  the  3ame  gate  geometry.  Further  improvement 
in  device  performance  has  been  achieved  using 
InGaAs/AlGaAs  pseudomorphic  HEMTs,  which  offer 
improved  transport  properties  over  GaAs/AlGaAs 
devices  because  of  the  higher  carrier  saturation 
velocity  and  mobility  and  lower  source  resis¬ 
tance.  In  the  mm-wave  bands  HEMT  and  MESFET  MMIC 
amplifiers  offer  obvious  performance  advantages 
compared  with  a  hybrid  IC  approach. 

MILLIMETRE-NAVE  SCHOTTKY  DIODE  TECHNOLOGY 

Considerable  effort  has  been  expended  in  develop¬ 
ing  Schottky  diode  devices  for  monolithic 


TABLE  2 

Integrated  circuit  mixers  using  planar 
Schottky  diodes 


Device  LO  Signal  FpsB  hDSB 


MMIC  93.7  94.0  -  6.5 


Balanced 

MIC  34.0  31.5-36.5  -  5. 5-7. 5 

94  91-96  -  6.0 

124  126-142  -  8. 0-9.0 

138  138.5  4.2  4.9 

MMIC  34.8  34.5  6.5  6.5 

94.0  94.97  5.7  6.5 

Cr.osarBar 

MIC  33.0  26-40  -  6. 0-7.0 

92.0  94.0  5.5  5.7 

MMIC  93.6  84.91  -  8.0 

MIC  98.6  100  9.2  (SSB)  8 . 4  (SSB) 

Refs:  5, 6,7, 8, 9 
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TABLE  3 


Integrated  circuit  frequency  multipliers  using 
planar  Schottky  diodes 


Device 

type 

Pump 

freq. 

(GHz) 

Output 

freq. 

(GHz) 

Effic. 

(%) 

Output 

power 

(mW) 

Doubler 

MIC 

40 

80 

22.4 

22.4 

45-46.5 

90-93 

-15.0 

-15.0 

33-47 

66-94 

5.0 

5.0 

Ouadruoler 

MIC 

10 

40 

15.8 

31.6 

Refs:  10,11 

RESEARCH  AT  DIVISION  OF  RADIOPHYSICS 

The  goal  of  this  research  programme  is  to  develop 
an  indigenous  Australian  capability  in  mm-wave 
and  microwave  GaAs  technology,  and  to  transfer 
aspects  of  it  to  industry.  The  Division  has  in¬ 
stalled:  an  MBE  system;  a  research-scale  e-beam 
lithography  system;  a  combined  RIE/PECVD  system; 
and  a  microwave  wafer  prober  combined  with  an  HP 
8510B  network  analyser.  A  complete  range  of  con¬ 
ventional  mask  alignment,  metallization,  bonding 
and  packaging  equipment  is  also  installed.  A 
capability  for  monolithic  integration  of  active 
and  passive  components  on  GaA3  has  been  developed 
and  successfully  demonstrated.  Techniques  for 
air-bridge  and  via-hole  fabrication  have  been 
developed  and  incorporated  along  with  spiral  in¬ 
ductors,  m-o-m  capacitors  and  transmission  line 
structures  into  prototype  MMIC  amplifiers  and 
mixers. 

MESFETs  and  HEMTs  with  gate  lengths  as  short  as 
0.25  micron  have  been  fabricated  on  MBE-grown 
material.  Processes  using  either  electron-beam 
or  optical  lithography  have  been  developed  which 
result  in  this  gate  geometry.  Extrapolation  of 
on-wafer  measurements  (up  to  26.5  GHz)  predicts 
MESFET/HEMT  noise  figures  of  3. 8/3.0  dB  and  gain 
of  5. 0/5. 5  dB  at  40  GHz,  respectively.  MIC3  and 
MMICs  incorporating  similar  MESFET  and  HEMT  de¬ 
vices  will  be  fabricated  in  the  near  future. 
Planar  Schottky  diode3,  which  can  readily  be 
integrated  with  MESFETs  and  HEMTs,  have  been  pro¬ 
duced  at  the  Division.  An  air-bridge  is  used  for 
the  anode  contact.  Devices  with  diameters  as 
small  as  2  microns  have  been  fabricated  on  MBE 
material  using  Ti/Pt/Au  contacts.  The  process 
allows  the  simultaneous  fabrication  of  varactor 
diodes  and  Mott  mixer  diodes  on  a  single  wafer. 
The  varactor  devices  exhibit  a  half-power  capa¬ 
citance  variation  with  reverse  bias,  whereas  for 
the  mixer  diodes,  the  capacitance  is  nearly  con¬ 
stant.  The  total  zero-bias  capacitance  of  a 
2  micron  mixer  diode  i3  typically  6.0  fF,  in¬ 
cluding  parasitic3  of  <1  fF.  Mixer  diode  DC-IV 
and  noise  (Tdc)  behaviour  is  comparable  with  the 
best  available  whisker-contacted  devices  produced 
by  other  laboratories,  as  3hown  in  Table  4.  The 
planar  diodes  have  been  incorporated  in  a  number 

TABLE  4 


Planar  Schottky-diodes  fabricated  at 
CSIRO  Division  of  Radiophysics 


Device 

Diam.  T) 
(Um)  (%) 

R3 

(Cl) 

Tphys 

(K) 

Tdc(K) 
lOOllA  1mA 

•at 

10mA 

Mott-6A3 

2 

1.09 

11.3 

295 

186 

220 

1467 

1.47 

14.1 

78 

73 

102 

1318 

SHM-4-1 

2 

1.10 

13.8 

295 

196 

237 

719 

SHM-4-2 

2 

1.09 

13.3 

295 

196 

234 

681 

of  hybrid  integrated  circuit  mixers  and  multi¬ 
pliers.  An  MMIC  subharmonically  pumped  mixer 
(SHPM)  for  75-110  GHz  has  been  fabricated  on 
GaAs,  incorporating  a  matched  diode  pair,  trans¬ 
mission  lines  and  capacitors.  Table  4  demon¬ 
strates  the  excellent  diode  match  achieved  in 
these  SHPM  MMICs  -  an  undoubted  benefit  of  mono¬ 
lithic  integration.  Table  5  summarises  perfor¬ 
mance  achieved  with  CSIRO' s  mm-wave  components. 
Designs  are  in  progress  for  an  expanded  range  of 
MMIC  mixers,  frequency  doublers  and  triplers. 

TABLE  5 

Mm-wave  components  fabricated  at  CSIRO  Division 
of  Radiophysics 

MTXERS 


Device 

LO 

(GHz) 

Signal 

(GHz) 

F 

(dB) 

L 

(dB) 

MIC-S-6A2 

40 

38.45 

5.3  (SSB) 

5 .5  (SSB) 

MIC-S-6A3 

106 

104.5/107.5 

2.8  (DSB) 

3.7  (DSB) 

MMIC-SHM-5 

43 

84. 5/8". 5 

5.6  (DSB) 

5. 9  (DSB) 

MIC-S-6A2  has  >20  dB  image  rejection. 

FREQUENCY  TRIPLER 

Device 

Output 

Power 

Power 

Effic. 

freq. 

in 

out 

(GHz) 

(mW) 

(mW) 

(%) 

MIC-T-3B1 

110 

10.0 

1.20 

12.0 

CONCLUSIONS 

Substantial  progress  has  been  made  in  recent 
years  towards  the  realization  of  fully  monolithic 
mm-wave  integrated  circuits.  However,  most  of 
the  advances  have  been  at  frequencies  below  110 
GHz  and  a  major  challenge  exists  for  solid-state 
physicists  and  microwave  engineers  to  extend  the 
capabilities  of  MMICs  to  frequencies  as  high  as 
300  GHz. 
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ABSTRACT 

Three  struct  ires  of  broadband  reflection  type  phase 

aodulators  In  unilateral  fin-line  are  presented. The  circuits  have 
been  analysed  assuming  Ideal  transalssion  line  equivalent  cir¬ 
cuits  for  the  fin-line  sections, while  the  switching  eleaent,a  pin- 
diode  Is  represented  by  a  typical  equivalent  circuit  at  Ka-band. 
The  aeasured  Insertion  loss  Is  better  than  1.5  dB. 

1.  INTRODUCTION 

For  a  180  degrees  reflection  type  phase  aodulator  to  operate 
In  a  bl-phase  P.S.K.  (phase  shift  keying)  systea, the  lapedance  In 
the  two  states  of  the  switching  eleaent,  In  this  case  of  the  pin- 
diode,  aust  be  aatched  In  such  a  way  that,  the  reflection  coeffi¬ 
cients  at  the  Input  of  the  aodulator  arc  equal  In  aagnltude  and 
opposite  in  phase.  The  laportant  factors  (or  a  180  degrees  phase 
aodulator  are  the  aaplltude  labalance  between  the  two  states  and 
the  phase  error  relative  to  the  phase  shift .The  bandwidth  here  Is 
defined  In  respect  to  deviations  In  the  desired  phase  shift  of 
4  degrees  and  to  an  aaplltude  labalance  of  less  than  101.  For  30 
degrees  phaseshlft  the  phase  deviation  should  be  2  degrees. 

The  broadband  perforaance  of  phase  aodulators  realized  uti¬ 
lizing  (In-line  structures  as  Batching  networks  have  been  deaon- 
strated  first  In  [1]  and  [2].  The  new  fln-llne  aodulators  being 
Introduced  In  this  paper  are  shown  in  Figures  la,  2a  and  3a  and 
are  aade  up  of  various  types  of  syaaetrlcal  discontinuities, 
which  have  been  analysed  In  [3].  These  circuits  are  printed  on 
one  side  of  the  substrate  and  can  be  aanufactured  at  low-cost. 

2.  CIRCUIT  DESCRIPTION 

The  Batching  networks  realized  In  unilateral  fln-llne 
technique  have  been  etched  on  a  0.254  aa  (10  Nils)  thick  RT- 
Durold  5880.  A  thin  gap  of  .0254  an  (1  Mil)  in  width  In  the  (in¬ 
line  structure  provides  the  required  dc-block  tor  the  pin-diode, 
which  is  biased  via  a  low  pass  filter  In  alcrostrlp  technique. 

The  circuits  have  been  tested  with  the  pin-diodes  DSG6474E 
(ALPHA)  and  DC2S03  (MARCONI ) . 

2.1.  REFLECTION  TYPE  PHASE  MODULATOR  I 

The  labeddlng  of  the  pln-dlode  tor  the  phase  aodulator  I  Is 
the  tin-line  network  in  Fig. la.  With  reference  to  the  Batching 
network  applied  In  [1],  which  had  a  single  notch  followed  by  a 
short  circuited  line  section  behind  the  diode,  the  structure  of 
Fig. la  consists  of  a  syaaetrlcal  notch,  which  Is  essentially  In¬ 
ductive  .Between  the  tapered  (in-line  section  and  the  notch  is  a 
section  of  length  1  .  The  diode  Is  aounted  across  tie  fln-llne 
slot  iaaediately  behind  the  notch,  followed  by  a  short  circuited 
fln-llne  of  length  1.  The  slot  width  Is  chosen  to  be  the  saac  as 
that  of  the  notch  and  Is  equal  to  2d.  1  is  the  notch  height. 

Fig. lb  represents  the  transalsslon  line  equivalent  circuit 
of  the  phase  aodulator  I,  while  Fig.lc  shows  the  equivalent 
clrcalt  of  the  discontinuity  (a  notch)  based  on  (3).  The  circuit 
has  been  theoretically  analysed  by  assualng  the  equivalent 
circuits  In  Fig. lb  and  Fig. 4  together  with  the  diode  data  given 
by  the  aanufacturer.  Tuning  of  the  aodulator  is  achieved  by 
adjusting  the  geoaetrlcal  paraaeters  1  and  1  . 


The  perforaance  of  the  180  degrees  biphase  aodulator  I  froa 
21  to  33  GHz  Is  shown  In  Fig. Id.  The  aodulator  bandwidth  Is  seen 
to  be  about  12%  and  the  insertion  loss  Is  better  than  1.5  dB. 

2.2.  REFLECTION  TYPE  PHASE  MODULATOR  II 

The  circuit  pattern  of  the  phase  aodulator  II  is  sketched  in 
Fig. 2a.  This  structure  aakes  use  of  a  syaaetrlcal  inductive  strip 
discontinuity.  The  corresponding  equivalent  circuit  Is  shown  In 
Fig. 2c.  The  pin-diode  is  aounted  across  the  fln-llne  slot  In  the 
alddle  of  the  strip.  The  line  sections  before  and  after  the  strip 
have  the  saae  wave  lapedance,  which  is  about  two  tlaes  the  Jape- 
dance  In  the  region  of  the  strip. The  strip  Is  followed  by  a  short 
circuited  fln-llne  section  of  length  1  .  This  aodulator  Is  tuned 
for  90  degrees  phase  shift  by  properly  adjusting  the  paraaeter  1. 

In  Fig. 2d  Is  the  perforaance  of  the  aodulator  II  over  the 
frequency  range  27  to  33  GHz.  The  Insertion  loss  Is  less  than 
1.5  dB.  The  bandwidth  aaounts  to  18%, a  factor  larger  than  results 
reported  at  Ka-band. 

2.3.  REFLECTION  TYPE  PHASE  MODULATOR  III 

The  structure  for  the  180  degrees  phase  aodulator  III  is 
shown  In  Fig. 3a.  This  aatchlng  network  utilizes  a  syaaetrlcal 
step  discontinuity,  which  Is  short  circuited  at  the  end  of  the 
fln-llne.  This  step  discontinuity  can  be  aodelled  as  shown  in 
Fig. 3c.  The  pln-dlode  Is  directly  soldered  across  the  fln-llne 
slot  at  a  distance  1  froa  the  step  discontinuity.  The 
geoaetrlcal  paraaeter  for  tuning  the  aodulator  III  Is  the  height 
of  the  step  discontinuity  1  . 

The  perforaance  curves  of  the  aodulator  III  are  shown  in 
Fig. 3d.  Over  12%  bandwidth  the  phase  error  Is  below  4  degrees  and 
the  Insertion  loss  Is  about  1.4  dB. 

3.  CONCLUSIONS 

Three  different  configurations  of  fln-llne  bl-phase  aodula- 
tors  have  been  realized  at  Ka-band.  The  perforaance  of  these 
fln-llne  structures  are  broadband  coapared  to  those  obtained  In 
waveguide  technique.  The  overall  Insertion  loss  Is  of  the  order 
of  1.4  dB  while  the  bandwidth  around  31  GHz  for  90  and  180 
degrees  phase  shift  are  16%  and  12%  respectively. 

4.  ACKNOWLEDGEMENT 

The  author  gratefully  acknowledge  the  National  Research 
Council  of  Canada  (or  financial  support. 

5.  REFERENCES 

1.  E.  Kpodzo,  K.  Schuencaann  and  H.  El-Hennawy,  *  A  Quadrl- 
pbase  Modulator  in  Fin-Line  Technique  ",Proc.  Int.  Microwave 
Syip.,  Orlando,  FL. ,  1979. 

2.  E.  Kpodzo,  K.  Schueneaann  and  G.  Begeaann,  ’  A  Quadrlphase 
Fin-Line  Modalator*,  IEEE  Trans.  Microwave  Theory  Tech., 
Yol.  NTT-28,  NO. 7,  July  1980,  pp.747-752. 

3.  H.  El-Hennawy  and  K.  Schueneaann,’  lapedance  Transforaatlon 
In  Fin  Lines’,  IEE  Proc.,  Yol. 129,  Pt.H,  No. 6,  Dec.  1382, 
pp.  342-350. 


287 


Th  1.3 


288 


Thl.i 


GaAs  TRAVELLING  WAVE  SCHOTTKY  CONTACT  COPLANAR 
WAVEGUIDE  WITH  APPLICATIONS  TO  MIMIC 

D.R.  Singh 

Honeywell, Defense  Systems  Group 
Minnetonka  ,MN  55434 

K.S.  Champlin 
Dept  of  Electrical  Engineering 
University  of  Minnesota, 

Minneapolis, MN  55454 


Abstract 

A  unique  "Travelling  Wave"  GaAs  Schottky  Contact 
Coplanar  Waveguide  device  has  been  developed  which  has 
application  to  MIMICs.  The  device  is  useful  as  wide  band 
voltage  variable  phase  shifter,  voltage  variable  attenuator  and 
frequency  multiplier  and  has  the  advantage  of  small  size,  low 
cost  and  simple  structure.  Additionally,  it  also  has  the  unique 
feature  of  incorporating  the  complete  circuit  function  into  one 
elemental  device. 

Introduction 

In  recent  years,  there  has  been  considerable  progress  in 
the  development  of  millimeter-wave  integrated  components  and 
subsystems  for  applications  in  precision  weapons  radar  systems. 
The  present  trend  is  to  concentrate  on  planar  integrated  circuits 
for  low-cost  system  requirements.  This  hybrid  planar 
technology  on  either  hard  or  soft  substrate,  is  attractive  due  to  its 
light  weight  and  small  size  as  well  at  its  potential  for  high- 
volume,  repeatable  manufacturing.  However,  for  repeatable 
large  scale  manufacturing,  the  current  trend  is  towards 
Microwave  and  Millimeter-Wave  Monolithic  ICs(MIMIC). 

Present  MIMIC  technology  is  based  on  MESFET 
process,  where  the  submicron  features  greatly  effect  the  yield. 
Moreover, useful  functions  such  as  mixing,  frequency 
multiplication,  phase  shifting  and  detection  have  been  performed 
by  lumped  non-linear  devices  where  the  interactions  take  place 
over  distances  which  are  small  in  comparison  with  a 
wavelength.  As  frequency  increases  these  devices  necessarily 
become  smaller  and  ultimately  reach  fundamental  limitation  of 
power  and  frequency.  These  factors  have  motivated  the  need  to 
develop  devices  which  incorporate  novel  operational  processes 
to  overcome  these  limitation  and  at  the  same  time  be  compatible 
with  current  MIMIC  technology. 

Distributed  non-linear  device  structures,  on  the  other 
hand,  do  not  have  the  same  limitation  in  dimensions  on  account 
of  the  fact  that  interactions  take  place  over  distances  which  are 
comparable  to,  or  even  greater  than,  a  wavelength.  Instead,  the 
fundamental  problem  of  distributed  devices  is  that  of  obtaining 
structures  having  sufficiently  low  losses  that  distribted  non- 
linearities  can  be  properly  exploited.  This  paper  descnbes  a 
unique  GaAs  Schottky  Contact  Coplanar  Waveguide(SCCPW) 
device  structure,  incorporating  a  distributed  non-linearity  and 
operating  on  the  princple  of  travelling  "slow-wave".  In  such  a 
structure  considerable  wavelength  reduction  occurs  in  the  "slow- 
wave"  region,  thereby  reducing  the  physical  size  of  the  device. 
Furthermore,  such  structures  are  compatible  with  the  present 
MIMIC  processing  technology  and  also  offer  the  possibility  of 
combining  all  circuits  functions  into  one  elemental  device,  which 
satisfies  the  criterion  of  circuit  simplicity  and  size. 

Technical  Discussions 

Figure  1  shows  the  layout  and  cross-section  of  the 
SCCPW  device.  Although  such  structures  support  the 
propagation  of  different  types  of  modes[l,2],  the  most  important 
is  the  well  known  "slow-wave  mode"  [3]  .  In  this  region  the 
electric  energy  is  largely  confined  to  the  schottky  depletion 
region  immediately  under  the  centre  conductor;  whereas  the 


magnetic  field  penetrates  the  semiconductor  layers  as  the  cross- 
sectional  dimensions  of  the  structure  are  less  than  the 
semiconductor  skin  depth.  Thus  the  magnetic  field  dustribution 
is  nearly  that  of  a  coplanar  waveguide  on  a  dielectric  substrate 
and  the  magnetic  energy  can  be  said  to  be  mainly  confined  to  the 
semiconductor  region.  This  spatial  separation  of  the  electric  and 
magnetic  energies  results  in  the  wave  velocity  "slowing  down" 
owing  to  the  energy  transfer  that  must  occur  at  the 
semiconductor  -depletion  region  interface. 

The  "slow-mode"  region  is  of  considerable  importance 
as  it  represents  a  relatively  low-loss  mode  of  propagation[4]. 
The  schottky  depletion  width  can  be  easily  varied  by  varying  the 
bias  and  in  effect  altering  the  slow-wave  properties.  In  the  small 
signal  case  this  leads  to  phase  shifting  properties;  whereas  in  the 
large  signal  case,  frequency  multiplication,  parametric 
amplification  and  mixing  occurs.  Moreover,  considerable 
wavelength  reduction  occurs  in  this  region,  thereby  reducing  the 
physical  size  of  the  device. 

The  limit  of  the  "slow-wave"  region  is  defined  to  be  the 
frequency  which  is  both  smaller  than  the  skin  effect  frequency , 
'fg*,  and  the  dielectric  relaxation  frequency, 'fe'.  Here  'fg*  is  the 
frequency  for  which  the  skin  depth  equals  the  transverse 
dimensions  of  the  structure^].  Typically,  the  SCCPW 
transverse  dimensions  are  of  the  order  of  a  few  microns  on  a 
GaAs  substrate  having  a  nominal  doping  of  ~  1017  cm-3.  For 
these  parameters  fs  =  500  GHz  and  fe~  7000  GHz.  Thus,  in 
relation  to  fs  and  fe  ,  the  "slow-wave"  mode  of  propagation 
extends  well  into  the  millimeter  wave  region. 

Device  Fabrication  and  Experimental  Results 

Figure  1  shows  the  device  layout  and  cross-section, 
wherein  the  centre  conductor  and  ohmic  contacts  form  the 
Schottky  contact  and  ground  plane  of  the  coplanar 
waveguide(CPW),  respectively.  The  N  and  N+  layers  were 
formed  using  selective  ion  implantation  process.  Moreover,  the 
N  layer  is  shallow(<0.2[im)  with  a  peak  doping  of  ~  5xl017  cm' 
3.  A  thick  (~  3pm)  gold  layer  is  selectively  plated  on  the  device 
to  reduce  conductor  losses.  The  length  of  the  active  region  is 
1200  pm  which  in  tum  is  cascaded  with  50  Q  CPW  on  semi- 
insulating  GaAs  for  the  purpose  of  measurements,  giving  a  total 
device  length  of  2700  pm,  as  shown  in  figure  1.  Broadband 
Cascade  Microtech  probes[5]  were  used  to  perform  on-wafer 
measurements. 

Small  signal  measurements  indicated  a  phase  shift  of 
>150  degree/mm  for  a  voltage  variation  of  0-5V  at  20  GHz,  as 
shown  in  figure  2(a).  For  a  similar  voltage  change  and 
frequency  of  operation  the  losses  varied  from  2-20  db/mm  (Fig 
2(b)).  These  results  indicate  a  broadband  voltage  variable  phase 
shifting  and  attenuating  properties.  Large  signal  measurements 
showed  for  the  first  time  the  harmonic  generation  properties  of 
these  devices.  Second  harmonic  efficiencies  of  the  order  of  6% 
were  observed  for  input  frequencies  of  2-8  GHz  at  input  power 
levels  of  about  50mW  .  This  is  shown  in  figure  3.  The  low 
harmonic  efficiencies  can  be  attributed  to  the  thin  N  layer  which 
increases  the  device  losses.  Nevertheless,  small  and  large  signal 
models  were  developed  which  showed  good  agreement  with  the 


measured  results.  Furthermore,  optimised  device  structures, 
developed  on  the  basis  of  these  models,  predict  excellent  phase 
shifting  and  harmonic  generation  properties  well  into  the 
millimeter-wave  region. 

Summary 

This  paper  has  described  a  unique  Schottky  Contact 
Coplanar  Waveguide  device,  operating  on  the  principle  of 
travelling  waves  and  having  applications  to  MIMIC.  Measured 
results  in  the  frequency  range  of  1-20  GHz  have  shown  that  the 
device  is  useful  as  broadband  voltage  variable  phase  shifter, 
voltage  variable  attenuator  and  frequency  multiplier,  and  has  the 
advantage  of  small  size,  low  cost  and  simple  structure. 
Moreover,  it  also  has  the  unique  feature  of  incorporating  the 
complete  circuit  function  into  one  elemental  device. 
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Figure  1.  Layout  and  Cross-section  of  a  SCCPW  Device 
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Figure  2.  Measured  Phase  and  Loss  vs  Frequency  of 
SCCPW  Device 
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Figure  3.  Measured  and  Calculated  Second  Harmonic 
Generation  of  SCCPW 
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ABSTRACT 

An  optimal  design  of  waveguide  E-plane 
diplexers  for  millimeter-wave  applications 
is  described.  In  order  to  increase  the  de¬ 
sign  flexibility  and  to  achieve  the  higher 
performance,  the  dimensions  of  two  channel 
filters  and  the  spaces  to  the  common  junc¬ 
tion  are  optimi— zed  at  the  same  time  acc¬ 
ording  to  their  sensitivity  information. 


INTRODUCTION 

In  resent  years  the  development  of  small 
size,  high-performance  diplexers  and  multi¬ 
plexers  for  millimeter-wave  applications 
has  drawn  researchers'  more  attention/1-4/ . 
The  E-plane  diplexer/4/,  which  consists  of 
two  E-plane  bandpass  filters  with  all  metal 
inserts  and  a  waveguide  E-T  junction  shown 
in  Fig.1,  has  advantages  of  simple-struc¬ 
ture,  easy-fabrication,  low-insertion-loss 
and  low-cost.  In  addition,  this  type  of 
diplexer  is  most  suitable  for  development 
of  a  waveguide  manifold- type  multi plexer/5/ . 


a 

d„ 


Fig.1  A  waveguide  E-plane  diplexer 

In  the  previous  design/ 4/,  the  two  channel 
filters  are  separately  designed  by  a  compu¬ 
ter  program  based  on  a  field-theory  method, 
and  then  placed  in  the  T-junction  arms  so 
as  to  reduce  the  channel  interaction  effect. 
This  design  approach  has  two  disadvantages. 
One  is  it  involves  the  complicated  and  time- 
consuming  numerical  computations  so  that 
requires  large  computer-facilities.  The 


other  is  it  involves  no  information  about 
optimisation  of  the  spaces  to  the  junction 
and  in  fact,  it  is  difficult  to  adjust  them 
alone  for  compensation  of  the  frequency- 
dependance  reactances  of  the  junction  as 
the  guard  band  is  getting  smaller  or  the 
channel  bands  are  getting  wider.  In  order 
to  solve  such  problems,  the  presented  paper 
describes  another  simplified  and  optimisa¬ 
tion-oriented  design  method  based  on  an  ef¬ 
ficient  dominant-mode  equivalent  circuit  of 
the  diplexer.  The  agreement  between  the 
theory  and  the  measurement  is  demostrated 
by  an  E-plane  diplexer  at  X-band. 


DESIGN  AND  RESULTS 

Fig. 2  shows  the  dominant-mode  (TE10)  eq¬ 
uivalent  circuit  of  E-plane  diplexer.  The 
calculations  of  the  reactances  of  E-T  junc¬ 
tion,  which  does  not  involve  any  design  pa¬ 
rameters,  are  available  in  the  publication 
/6/.  The  computations  of  S-matrix  of  ttHv 
filled  waveguide  sections  and  its  sensiti¬ 
vities  w.r.t.  their  lengths  are  also  found 
elsewhere.  The  S-matrix  of  E-plane  metal 
septum  and  its  first-  and  second-order  sen¬ 
sitivities  has  been  derived  as  follow 


-(1+XS  +  2XsXp)  j2Xp 

j2Xp  — { 1+xl  +  2XsXp) 


dll 

d12 

i 

hll 

hi  2 

d12 

dll 

5? 

h12 

hll 

d11=  4AXp-4(A+B)Xs  + 

j( 2( A+B) ( 1-XsXs)-4AXp( Xs+Xp) ) 

d12=  4AXp-4BXs  + 

j(4A(Xfs+XsXp)+2B(1-xi) ) 

h11=  U1  +  jVI,  b12=  U2  +  jV2 

D1 = ( 4A2 ( 1- 3X§) - 12A2 ( Xs+Xp) 2+E) /Z 
-4c(Xs+Xp)-4DXs 

V1=(F+G+4A2Xs( 3-xl) )/Z  +  2D(1-X§) 
+2C( 1-xl-2x£-2XsXp) 
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Fig.2  The  equivalent  circuit  of  E-plane  diplexer 


U2=(24A2Xp(Xs+Xp)+E)/Z+4CXp-4DXs 
V2=( G-F) / Z+4C( Xp+XsXp) +2D( 1-xl) 
where 

Xs=  s(1)  es^d  +  s(3) 


xP=  P(i)  ep(2)d'+P^)Ln(d') 

A=  s(1)s(2)/Ao  es(2)d’ 

B=  XpAo  (p(2)+p(3)/d‘) 

C=  As(2)/Xo 

D=  Xp/^o  ((p(2)+p(3)/d')2-p(3)/d'2) 

E=  8B(A+B)( 1-3x1) 

F=  4A2Xp(3-6XsXp-3xl-4xi) 

G=  8B( A+B)Xs( 3-xl) 

Z=  ( 1-X§-2XsXp)  +  j2(Xs+Xp) 

d'  =  d/\o  (^.o  :wave  length  in  free  space) 


The  remaining  unknown  coefficients  s(i)  and 
p(i)  (i=1,2,3)  can  be  obtained  from  the  au¬ 
thor'  s  another  paper/7/ . 

A  computer  program  has  been  developed  for 
fast  computation  of  S-matrix  of  the  diplexer 
and  its  sensitivities/ 8/  to  minimize  the 
objective  function 


Utf).  max.*( 


jfkl ~  Kll 


(2) 


where  |  is  a  set  of  design  parameters  indi¬ 
cated  in  Fig.1  by  dn+1,  dlf..d*+1,  lQ..ln 

and  1^ . . 1* ,  f  represents  the  sampled  frequ¬ 
encies.  |Sk1|  and  |Sk1($,f)|  (k=1,2,3)  deno¬ 
te  the  required  and  predicated  performances. 


Notice  that  all  design  parameters  of  the  di¬ 
plexer,  i.e.,  the  dimensions  of  the  two  cha¬ 
nnel  filters  and  their  spaces  to  the  common 
junction,  are  optimized  at  the  same  time  so 
as  to  increase  the  design  flexibility  and 
to  achieve  the  higher  performances. 

To  verify  the  presented  design  method,  a 
diplexer  at  X-band  was  designed,  fabricated 
and  tested.  The  computer  predicted  and  mea¬ 
sured  frequency  responses  are  shown  in  Fig. 3 
where  good  agreement  between  the  theory  and 
the  measurement  can  be  observed. 


CONCLUSION 

The  optimal  design  of  waveguide  E-plane 
diplexer  has  been  proposed  and  demonstrated. 
Owing  to  the  use  of  the  simple  but  efficient 
models  for  the  diplexer,  the  computer  pro¬ 
gram  is  small  and  can  be  run  on  mini  desk 
computers.  The  design  method  can  be  exten¬ 
ded  for  CAD  of  E-plane  multiplexers/5/. 

We  acknowledge  financial  support  from 
the  Fujian  Education  Commission. 


Fig. 3  Frequency  responses  of  E-plane 
diplexer  at  X-band 
lo=10.36  d1=5.H  1^=14.42  d2=4.4l 

1*=13.46  d^=4.68  l+j;=11.35  d£=5.68  mm 
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ABSTRACT 

Integrated  circuit  active  arrays  and  spatial  power  combiners 
using  aperture  coupled  patch  antennas  have  been  developed. 
Results  from  a  prototype  element  and  a  two-element  combiner 
are  very  encouraging.  Methods  for  achieving  phase  coherency 
have  been  developed. 

INTRODUCTION 

Recent  developments  in  microwave/millimeter- wave  inte¬ 
grated  circuits  and  solid-state  devices  have  opened  up  many  ap¬ 
plications  by  integrating  the  antennas  and  sources  (or  transmit- 
receive  modules).  The  integration  has  advantages  of  low  cost, 
small  size,  and  good  compatibility  to  monolithic  implemen¬ 
tation.  The  circuits  should  have  many  applications  in  radar, 
communication,  and  EW  systems. 

In  this  paper,  we  report  an  aperture  coupled  patch  antenna 
element  which  is  useful  for  construction  of  active  phase  arrays 
and  spatial  power  combiners.  If  a  transmit-receive  (T/R)  mod¬ 
ule  is  connected  to  the  antenna  element,  many  of  these  elements 
form  an  active  phased  array.  The  circuit  can  be  used  for  spatial 
power  combiners  if  the  T/R  module  is  replaced  by  a  source.  A 
theoretical  analysis  has  been  developed  to  model  the  equivalent 
coupling  circuit  based  upon  the  aperture  coupling  theory  and 
a  6-port  network  S-  parameters.  A  prototype  two-element  ar¬ 
ray  was  designed,  fabricated  and  tested  at  2.4  GHz  for  concept 
demonstration.  Injection  locking  using  either  mutual  coupling 
or  an  external  source  has  been  successfully  demonstrated  for 
achieving  phase  coherency. 

CIRCUIT  DESCRIPTION 

One  practical  difficulty  with  active  arrays  is  in  isolating 
the  input  and  output  signals  and  maintaining  the  stability  of 
the  array.  Another  problem  is  to  maintain  unidirective  radia¬ 
tion  and  to  avoid  spurious  feed  radiation.  To  overcome  these 
problems,  a  two-sided  substrate  circuit  has  been  proposed  (1]. 
As  shown  in  Figure  1,  the  active  circuits  which  could  include 
the  oscillators,  amplifiers,  phase  shifters,  etc,,  are  fabricated 
on  GaAs  substrate  located  on  one  side  of  the  ground  plane. 
The  antenna  dements  are  fabricated  on  low  dielectric  constant 
substrate  located  on  the  other  side  of  the  ground  plane.  The 
ground  plane  provides  good  heatsinking  for  active  devices.  The 
coupling  between  the  two  layers  is  accomplished  by  a  circular 
coupling  aperture  in  the  ground  plane.  The  ground  plane  sepa¬ 
rates  the  radiating  aperture  from  the  fevd  network,  eliminating 
the  possibility  of  spurious  signal  radiation  from  the  source.  Be¬ 
cause  of  the  good  isolation  between  the  radiating  antenna  and 
active  device,  the  antenna  and  active  circuits  can  be  optimized 
separately.  The  circuit  is  compatible  to  monolithic  implemen¬ 
tation.  For  better  efficiency,  low  dielectric  constant  material 
can  be  used  for  antenna  elements  and  GaAs  substrate  for  T/R 
circuitry. 

Based  on  the  aperture  coupling  and  scattering  theory,  a 
ex  port  equivalent  network  was  developed  [2],  The  equivalent 
circuit  is  shown  in  Figure  2.  All  reference  of  the  ports  are  taken 
at  the  center  of  the  coupling  aperture. 

After  calculating  the  electric  and  magnetic  field  at  the  aper¬ 
ture  excued  by  the  input  microstrip  line,  the  scattered  fields 
can  be  found  from  the  aperture  coupling  theory  (3-6|.  From  the 


scattered  fields,  the  coupling  coefficients  and  the  S-parameters 
can  be  determined  [2].  The  details  of  the  analysis  can  be  found 
in  reference  2. 

A  computer  program  has  been  developed  to  facilitate  the 
calculation.  Figure  3  shows  a  typical  comparison  between  the 
theoretical  and  experimental  results.  The  agreement  is  very 
good. 

CIRCUIT  PERFORMANCE 

To  demonstrate  the  concept,  a  two-element  array  was  de¬ 
signed  and  built.  The  two  antennas  are  separated  by  a  quater- 
wavelength  in  order  to  have  about  20  dB  mutual  coupling  [7). 
The  antennas  v/ere  designed  to  operate  at  2.36  GHz.  One  an¬ 
tenna  is  connected  to  a  sweeper  and  the  other  to  a  free  running 
oscillator.  The  oscillator  is  a  transistor  oscillator  manufactured 
by  EMF  Systems,  Inc.  The  sweeper  is  used  to  injection-lock 
the  free  running  oscillator  by  mutual  coupling. 

Figure  4  shows  the  E-plane  pattern  of  the  active  array  when 
only  the  sweeper  is  “on”,  when  only  the  oscillator  is  “on”,  and 
when  both  sources  are  “on”.  When  one  of  the  sources  was  dis¬ 
engaged,  a  3  dB  beamwidth  of  about  90  degrees  was  measured. 
This  beamwidth  was  reduced  to  65  degrees  when  both  sources 
are  “on”.  Furthermore,  the  power  with  both  sources  operat¬ 
ing  was  about  2  dB  higher  than  for  the  power  with  any  single 
source  operating.  This  shows  that  the  array  is  exhibiting  good 
power  combining  properties. 

One  problem  that  does  exist  is  that  with  both  sources  on, 
the  main  lobe  is  centered  at  roughly  25°.  This  could  be  caused 
by  the  phase  difference  between  the  two  sources. 

Injection-locking  through  mutual  coupling  was  also  demon¬ 
strated.  The  locking  bandwidth  was  measured  to  be  2.15  MHz. 
This  narrow  locking  bandwidth  is  due  to  the  high-Q  transistor 
oscillator. 

CONCLUSIONS 

Aperture  coupled  active  patch  antenna  elements  have  been 
developed  for  phased  array  and  power  combining  applications. 
A  two-element  array  has  been  demonstrated  to  have  good  power 
combining  efficiency.  Injection  locking  for  phase  coherency  has 
also  been  demonstrated. 
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Figure  3.  Comparison  of  calculated  and  experimental  results 
tor  input  impedance  as  a  function  of  frequency. 


LEGEND 

-  -  A  ON 

-  tom  on 

-  •  •  •  ON 


Figure  2.  Equivalent  circuit  for  aperture  coupled  microstrip  ^  igure  4.  El-plane  power  pattern  of  a  two-element  aperture 
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ABSTRACT 

The  design  and  evaluation  of  a  novel  fixturing 
technique  for  characterizing  mm-wave  solid  state 
devices,  including  monolithic  microwave  integrated 
circuits,  is  presented.  The  technique  utilizes  a 
cosine  tapered  ridge  guide  fixture  and  a  one-tier 
deembedding  procedure  to  provide  accurate  and 
repeatable  device  level  data.  Advanced  features 
include  "nondestructive"  testing,  full  waveguide 
bandwidth  operation,  a  high  degree  of  universal  ism, 
and  rapid  yet  repeatable  chip-level  characteriza¬ 
tion.  Furthermore,  only  one  set  of  calibration 
standards  is  required  regardless  of  device  geometry. 

INTRODUCTION 

Accurate  characterization  of  solid  state 
devices  at  millimeter  wavelengths  is  hindered  by 
limited  metrological  techniques  due  to  unpredictable 
parasitics,  diminutive  physical  dimensions,  and 
inconvenient  interface  methods  (1).  Typically, 
devices  are  characterized  by  S-parameters  using  an 
automatic  network  analyzer  (ANA).  To  be  accessible 
to  the  ANA  and  amenable  to  characterization,  the 
device  must  be  mounted  in  a  fixture.  This  fixture 
introduces  substantial  insertion  and  return  loss 
effects,  both  in  magnitude  and  phase,  often  masking 
the  true  device  characteristics.  Hence,  it  would  be 
desirable  to  devise  a  mathematical  scheme  to  reposi¬ 
tion  the  reference  (measurement)  plane  adjacent  to 
the  device  terminals.  This  procedure  is  known  as 
deembedding  and  requires  chip  level  microstrip  stan¬ 
dards  to  shift  the  reference  plane  from  the  fixture- 
to-ANA  interface  to  the  device  area. 

Drawbacks  of  existing  fixtures  Include  non¬ 
repeatability,  fixturing  and  calibration  complexity, 
and  limited  bandwidth.  Most  techniques  require  cum¬ 
bersome  device  mounting  arrangements  and  are  labor 
intensive.  The  fixture  presented  here  utilizes  a 
cosine  tapered  ridge  guide  transition  to  match  the 
high  waveguide  impedance  to  the  50  Q  microstrip. 

The  taper  length  and  profile  have  been  analytically 
determined  to  provide  maximum  bandwidth  and  minimum 
insertion  loss.  Discrete  devices  and  integrated 
circuits  are  mounted  on  a  customized  carrier  which 
is  inserted  between  the  bottom  of  the  ridge  and  the 
base  of  the  waveguide.  The  electric  field  is  con¬ 
centrated  by  the  ridge  and  launched  onto  the  carrier 
by  direct  pressure  contact.  Control  voltages  are 
applied  to  the  carrier  using  a  self-aligned  bias 
module  with  integral  spring  loaded  contacts.  Deem¬ 
bedding  is  accomplished  using  a  modified  "through, 
short,  delay"  (TSD)  calibration  algorithm. 

DESIGN 

Since  the  fixture  itself  is  mechanically  rigid, 
the  required  versatility  was  built  into  the  carrier. 


A  0.020  in.  alumina  substrate  was  chosen  for  ease  of 
manufacturability,  good  dielectric  properties,  and 
relatively  good  thermal  and  mechanical  characteris¬ 
tics.  The  thickness  was  constrained  to  a  narrow 
range  due  to  certain  electrical  features  and  a  con¬ 
cern  about  the  generation  of  higher  order  modes.  DC 
blocks  are  required  since  the  carrier  microstrip  is 
in  contact  with  the  fixture  body.  A  coupled  line 
section  0.032  in.  long  with  0.0029  in.  wide  fingers 
and  0.002  in.  gaps  was  found  to  be  optimum  (2,3). 
Bias  can  be  fed  directly  to  the  chip  input  and  out¬ 
put  microstrip  lines  through  two  high  RF  impedance 
bias  filters.  The  chip  is  mounted  in  a  laser 
machined  well  in  the  center  of  the  carrier  and  is 
supported  by  a  gold  plated  kovar  subcarrier. 

The  ridge  waveguide  transition  can  be  described 
by  dividing  the  design  into  three  calculations, 
first  outlined  in  (4).  First,  th  ridge  waveguide 
cutoff  wavelength  must  be  obtained.  At  cutoff, 
propagation  may  be  considered  to  be  restricted  to  a 
wave  traveling  transversely  across  the  guide  with  no 
longitudinal  component.  The  cutoff  wavelength  is 
derived  by  solving  for  the  input  impedance  of  a 
simple  equivalent  network  (5).  Next,  the  ridge 
thickness  is  determined  by  evaluating  the  infinite 
frequency  characteristic  impedance  for  the  TE10  mode 
as  given  in  (6).  Finally,  the  profile  of  the  physi¬ 
cal  taper  must  be  determined.  A  sinusoidal  varia¬ 
tion  is  assumed  since  this  geometry  outperforms  most 
other  candidates  in  terms  of  optimizing  return  loss 
in  the  shortest  electrical  length.  Based  on  the 
above  calculations,  a  taper  length  of  1.366  in.  and 
a  ridge  thickness  of  0.0695  in.  was  chosen. 

Due  to  its  practical  implementation  in  micro- 
strip,  a  TSD  calibration  routine  was  chosen  for 
deembedding.  The  technique,  first  proposed  by 
Franzen  and  Special  (7)  used  a  one-tier  calibration 
approach  and  assumes  an  eight  term  error  model. 

Based  on  measurements  of  the  three  standards,  all 
16  terms  (magnitude  and  phase)  of  the  error  net¬ 
works  can  be  determined.  The  topography  of  the 
model  consists  of  three  cascaded  two  port  networks; 
hence,  the  S-parameters  of  the  error  networks  and 
device  are  converted  to  T-parameters  for  mathemati¬ 
cal  convenience.  The  T-matrix  of  the  model  is  equal 
to  the  product  of  the  individual  T  matrices;  there¬ 
fore,  the  matrix  of  the  deembedded  device  can  be 
extracted  and  reconverted  to  S-parameters  (8).  Sub¬ 
sequent  to  the  Initial  calibration,  the  ancillary 
reference  plane  is  mathematically  shifted  to  the 
device  boundaries  through  the  translation  exp(-yft). 
jamma  (y),  the  complex  propagation  constant,  is 
determined  from  the  "through"  and  "delay"  measure¬ 
ments.  The  physical  length  of  the  device,  ft,  must 
be  known.  It  is  this  feature  which  permits  the  use 
of  only  one  set  of  calibration  standards. 
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PERFORMANCE 

The  RF  characteristics  of  the  fixture  were 
measured  using  a  Hewlett-Packard  8510  ANA  configured 
using  a  HR-28  waveguide  test  set.  The  fixture  was 
calibrated  and  the  error  correction  verified  by  re¬ 
inserting  the  "through"  standard.  Figures  1  and  2 
highlight  the  performance  of  the  fixture  from 
26.5  to  40.0  GHz.  The  fixture  achieved  an  insertion 
loss  of  approximately  0.1  dB  and  an  insertion  phase 
of  less  than  0.5°  across  the  band.  A  corresponding 
return  loss  in  excess  of  40  dB  was  also  measured. 

The  fixture  is  being  used  to  evaluate  30  GHz 
MMICs  as  well  as  advanced  discrete  millimeter  wave 
devices.  Designs  for  similar  fixtures  for  frequen¬ 
cies  up  to  75  GHz  have  been  initiated. 
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ABSTRACT 

A  thorough  analytical  procedure  is  developed  for 
evaluating  the  frequency  dependent  loss  characteris¬ 
tics  and  effective  permittivity  of  millimeter-wave 
microstrip  lines.  The  technique  is  based  on  the  mea¬ 
sured  reflection  coefficient  of  microstrip  resonator 
pairs.  Experimental  data  including  Q  factor, 
effective  relative  permittivity,  and  fringing  for 
50  0  lines  on  GaAs  was  obtained.  Effects  of  an 
imperfect  open  circuit,  coupling  losses,  and  loading 
of  the  resonant  frequency  are  considered.  A  cosine 
tapered  ridge  guide  fixture  was  used  to  characterize 
the  resonators. 


1 .  INTRODUCTION 

Numerous  theoretical  formulations  have  been  pro¬ 
posed  to  describe  the  microwave  performance  of  strip 
transmission  lines.  Accurate  analysis  is  hindered 
by  the  Inhomogeneous  geometry  of  microstrip  which 
causes  a  field  discontinuity  at  the  air-dielectric 
interface.  Short  cuts  to  a  full-wave  analysis  are 
often  employed,  particularly  when  closed  form  solu¬ 
tions  are  desirable.  Furthermore,  measurement  tech¬ 
niques  beyond  ~25  GHz  are  not  well  established  and 
tend  to  be  cumbersome  and  unreliable.  This  paper 
proceeds  through  the  straight  forward  calculation  of 
the  necessary  parameters  using  a  relatively  simple 
but  effective  model  and  an  innovative  measurement 
technique.  Many  of  the  procedures  described  are 
based  on  principles  outlined  by  Ginzton,'  with  the 
adaptation  to  microstrip  "cavities"  and  modern  meas¬ 
urement  techniques.  Additional  work  by  Altken^ 
developed  alternative  methods  for  evaluating  Q 
from  swept  frequency  network  analysis.  The  deriva¬ 
tions  evolved  from  cavity  equivalent  circuits  at 
"detuned  open"  and  "detuned  short"  measurement 
planes.  In  this  paper,  the  usual  assumption  regard¬ 
ing  small  losses  is  adopted.  Specifically,  it  is 
assumed  that  G  >>  wC,  1/wL  where  G,  C,  and  L 
are  the  distributed  conductance,  capacitance,  and 
inductance  per  unit  length  along  the  transmission 
line.  Swept  frequency  measurements  are  performed 
using  a  Hewlett-Packard  8510  automatic  network  ana¬ 
lyzer  and  a  cosine  tapered  ridge  guide  test  fixture. 
The  technique  is  used  to  determine  loss  (in  terms  of 
Q),  dispersion  (the  variation  of  phase  velocity  with 
frequency),  and  fringing  effects  from  the  microstrip 
discontinuities. 


2.  EXPERIMENTAL  PROCEDURE 

Linear  open  circuit  n/2  microstrip  resonators 
were  fabricated  on  2  in.  semi-insulating  GaAs  wafers 
along  the  (100)  crystallographic  plane  in  the  [0T03 
direction.  Both  evaporated  and  electroplated  gold 
films  were  evaluated  in  an  attempt  to  determine  the 
effects  of  metalization  on  conductor  loss.  Initially, 


a  200  A  titanium  layer  was  deposited  on  the  wafers 
to  enhance  adhesion.  A  number  of  wafers  were  lapped 
to  either  0.010  or  0.005  in.  using  a  silicon  carbide 
slurry  and  subsequently  polished  using  a  sodium 
hypochlorite/colloidal  silica  mixture.  The  tech¬ 
nique  to  determine  effective  permittivity  utilizes 
two  50  fl  lines  on  a  single  die;  a  short  line  of 
length  LI  with  a  fundamental  X/2  resonance  at  f 1 , 
and  a  long  line  of  length  L2  =  2L1  with  a  first 
harmonic  resonance  at  f2  =  fl .  Each  line  was  sep- 
erated  from  an  adjacent  line  by  0.100  In.  to  avoid 
coupling  effects.  By  using  two  lines,  the  end 
(fringing)  effects  can  be  excluded  from  the 
results. 3. 4  The  resonators  are  coupled  to  the  feed 
line  via  a  critical  symmetric  gap.  The  gap  dimen¬ 
sions  ranged  from  0.00075  to  0.001  in.  for  0.005 
in.  thick  wafers  and  from  0.0015  to  0.00175  in.  for 
0.010  in.  thick  wafers.  Losses  were  evaluated  in 
terms  of  the  quality  factor  Q.  The  unloaded  (Q0) 
must  be  derived  from  the  raw  data  which  Includes 
the  loading  effects  of  the  coupling  mechanism. 

To  obtain  the  reflection  coefficient  of  the  reson¬ 
ators,  S-parameter  measurements  were  performed  using 
an  automatic  network  analyzer  equipped  with  a  syn¬ 
thesized  source.  The  system  was  calibrated  in 
microstrip  using  the  technique  discussed  in  Ref.  5. 
By  judiciously  positioning  the  reference  plane,  com¬ 
plications  from  the  feed  line  can  be  avoided. 


3.  ANALYTICAL  PROCEDURE 

The  microstrip  cavity  can  be  modeled  as  a  resonant 
R,L,C  circuit  in  the  vicinity  of  resonance.  Since 
the  microwave  cavity  must  be  excited  by  a  transmis¬ 
sion  line  to  perform  the  measurements,  the  input 
impedance  will  be  modified.  In  general,  the  cou¬ 
pling  between  the  resonator  and  feed  line  contains 
resistive  (Rl)  and  reactive  (jX[_)  elements.  The 
coupling  loss  component  and  the  transmission  line 
characteristic  impedance  load  the  resonant  circuit. 
Coupling,  in  the  case  of  a  microstrip  structure,  is 
accomplished  using  a  narrow  (<<Xg)  gap.  This  dis¬ 
continuity  can  be  modeled  by  a  capacitive  pi  net¬ 
work,  or  equivalently,  by  an  ideal  transformer.  The 
input  Impedance  of  this  equivalent  circuit  is: 


The  variable  k  is  referred  to  as  the  coupling 
coefficient  and  is  equal  to  the  ratio  of  coupled 
conductance  to  resonator  conductance.  It  is  appar¬ 
ent  that  the  coupling  gap  functions  as  an  impedance 
inverter  resulting  in  a  small  reflection  coefficient 
at  resonance. 
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Based  on  this  model,  it  can  be  shown  that  the 
unloaded  Q  is  given  by: 

°o  ■  \ 

where  a  is  the  coupling  loss  which  can  be  calcula¬ 
ted  from  the  reflection  coefficient  far  off  reso¬ 
nance.  The  loss  component  modifies  the  coupling 
coefficient  and  also  influences  the  location  "3  dB" 
bandwidth  which  is  required  to  evaluate  the  loaded 
Q.  The  effect  of  the  loss  can  be  observed  on  a 
Smith  chart  as  a  linear  displacement  of  the  imped¬ 
ance  locus.  As  a  consequence  of  the  modified  input 
impedance,  the  level  at  which  to  determine  the 
correct  bandwidth  becomes: 


P1/2  =  10  log1Q 
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+ 

a  -  1 
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Additionally,  losses  associated  with  the  abrupt  open 
circuited  line  can  be  evaluated  using  two  resona¬ 
tors.  The  technique  is  analogous  to  the  method  used 
to  obtain  the  Q  of  waveguide  cavities  with  lossy 
endplates.  A  complete  derivation  of  the  material 
which  has  been  described  is  available  in  Ref.  6. 
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ABSTRACT 

The  National  physical  Laboratory  and  Harry 
Diamond  Laboratories  have  organized  and  are 
conducting  an  international  sample  exchange  of 
materials  to  compare  near-millimeter-wave  (NMMW) 
characterizations  made  by  different  laboratories 
on  exactly  the  same  samples.  Hie  materials  used 
comprise  a  cross  section  of  NMMW  properties 
in  order  to  more  completely  test  the  various  modes 
of  analysis  used.  Results  obtained  up  to  the 
present  and  plans  for  the  future  will  be  provided 
in  the  oral  presentation. 

The  near-millimeter  wavelength  (NMMW)  range 
is  understood  to  be  approximately  1  to  10  mm  m 
wavelength,  300  to  30  GHz  in  frequency,  or  10  to 
1  cm  -1  m  wavenumber  (or  reciprocal  wavelength). 
This  range  is  very  high  m  frequency  compared  to 
the  normal  microwave  range.  The  implementation  of 
many  standard  microwave  techniques  for 
characterizing  materials,  such  as  the  insertion  of 
samples  in  waveguides,  is  found  to  be  very  difficult 
and  inaccurate  in  this  range.  The  normal  optical 
techniques,  such  as  Fbuner  transform  spectroscopy, 
are  also  difficult  to  implement  in  this  range.  A 
number  of  different  techniques  are  employed  for  the 
characterizing  the  NMMW  properties  of  materials. 
Unfortunately,  many  different  values  of  complex 
index  of  refraction  or  complex  dielectric  constant 
can  be  found  in  the  literature  for  a  given 
material  (1).  Some  of  these  discrepancies  are  due 
to  variations  in  sample  properties,  and  some  are 
due  to  poorly  understood  systematic  or  random 
errors  in  the  measurement  process. 

There  are  no  standards  available  for  the 
measurement  of  the  NMMW  properties  of  materials 
and,  because  demand  for  such  standards  is  limited, 
it  is  unclear  when  such  standard  materials  or 
measurement  techniques  will  be  available,  a  group 
of  researchers  active  in  this  subject  area  has 
therefore  collaborated  in  measuring,  in  turn, 
exactly  the  same  set  of  samples  in  order  to  avoid 
possible  discrepancies  due  to  sarople-to-sampl" 
variations.  The  participants  in  this  sample 
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exchange  and  the  measurement  techniques  that  they 
employed  are  presented  in  Table  I.  A  variety  of 
measurement  techniques  are  represented,  involving 
researchers  from  five  countries,  seven  samples 
having  a  range  of  NMMW  property  values  were 
selected  and  measured.  The  samples  selected 
and  their  nominal  characteristics  are  presented 
in  Table  II. 

A  workshop  involving  the  exchange  participants 
was  held  just  prior  to  the  12th  International 
Conference  on  Infrared  and  Millimeter  Waves  in 
Orlando,  Florida,  in  December  1987.  The  observations 
and  conclusions  of  this  workshop  will  be  presented, 
prepared  samples,  a  number  of  different  techniques 
can  provide  NMMW  real  index  of  refraction  values 
(or  real  dielectric  constant  values)  accurate  to 
better  than  1  percent,  with  0.1  percent  readily 
achievable.  Such  accuracy  is  sufficient  for  many 
purposes.  Also,  the  index  of  refraction  changes 
only  very  slowly  as  a  function  of  frequency  so  the 
value  can  be  readily  extrapolated  to  a  useful 
accuracy  from  values  at  other  frequencies. 
Unfortunately,  the  results  regarding  material 
loss  measurements  were  not  nearly  as  consistent 
and  are  not  as  easily  extrapolated.  Large 
unexplained  discrepancies  occurred  in  the  frequency 
range  below  120  GHz,  particularly  when  the 
absorption  loss  was  small  and  the  index  of 
refraction  was  large,  such  as  for  important  window 
materials  like  beryllia  or  crystal  quartz.  The 
use  of  calorimetric  techniques  involving 
illumination  by  powerful  NMMW  sources  and 
measurement  of  resultant  sample  heating  should  be 
explored  for  the  measurement  of  low-loss  materials, 
as  has  been  done  in  the  past  for  low-loss  window 
materials  for  infrafced  lasers. 

The  sample  exchange  activity  will  be 
continued  and  the  characterized  samples  will  be 
made  available  to  other  researchers.  An  additional 
set  of  samples  will  be  prepared  with  different 
dimensions  machined  from  a  common  piece  in  order 
to  provide  optimal  sample  dimensions  for  different 
measurement  techniques  while  insuring  similar  NMMW 
properties  among  the  samples.  Emphasis  will  be 
placed  on  improving  the  loss  measurements  for 
materials  in  the  35  to  120  GHz  range  where  the 
discrepancies  are  the  largest  and  the  need  for 
data  is  the  most  urgent. 
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TABLE  I.  sample  Exhange  participants 


Laboratory 

Researchers 

Measurement  Technique 

England 

National  Physical  Laboratory 
Teddington  Middlesex 

Dr.  J.  R.  Birch 

Dr.  R.  Clark 

Dispersive  FTS  -  (nondispersive  ITS! 
Open  Resonator 

France 

Universite  Nancy 

Nancy 

Prof.  A.  Hadni 

Dr.  X.  Gerbaux 

Nondispersive  FTS 

United  States 

LABCOM,  Harry  Diamond  Laboratories 
Adelphi,  Maryland 

Dr.  G.  J.  Simonis 

M  Stead 

Nondispersive  FTS 
(dispersive  FTS) 

Georgia  Institute  of  Technology 
Atlanta,  Georgia 

Dr.  R.  Moore 

Dr.  T.  Wells 

Open  resonator 

Rockwell  International  Oorp. 

Thousand  Oaks,  California 

Dr.  w.  w.  Ho 

Dr.  w.  F.  Hall 

Cbherent  source  trans/reflect. 

Los  Alamos  National  Laboratory 

Los  Alamos,  New  Mexico 

Dr.  H.  Frost 

Coherent  source  trans/reflect. 

North  Carolina  Central 

Durham,  North  Carolina 

Dr.  J.  M.  Dutta 

Dr.  C.  R.  Jones 

245  GHz  laser  interferometer/trans. 

National  Bureau  of  Standards 

Boulder,  Colorado 

Dr.  R.  Baird 

(cognizance) 

Tufts  University 

Medford,  Massachusetts 

prof.  M.  N.  Afsar 

Dispersive  FTS 

West  Germany 

Physikalisch-Technische 

Bundesanstalt 

Braunshweig 

Dr.  U.  Stumper 

6-port  reflectometer 

University  of  Karlsruhe 

Karlsruhe 

Dr.  R.  Heidinger 

Open  resonator 

Japan 

Osaka  University 

Osaka 

Dr.  K.  Sakai 

Nondispersive  FTS 

TABLE  II 

NOMINAL  CHARACTERISTICS  OF  SAMPLES 


Material 

Aperture 

Diameter 

(cm) 

Thickness 

(cm) 

35  To 

600  GHZ 

n 

G 

a 

(cm-1 ) 

tan  6 

(10“3) 

Macor 

5 

0.2 

2.38 

5.7 

o 

1 

OJ 

-n 

10-80 

Polyethylene 

4 

1.0 

1.52 

2.3 

0.001-0.2 

0.1-1 

Rexolite  I 

5 

1.2 

1.59 

2.5 

0.01-1.4 

1-5 

Rexolite  II 

5 

1.9 

Fhrroflow 

5 

0.04 

3.6 

13.0 

10-300 

-400 

Beryllia 

5x5 

0.5 

2.59 

6.7 

0.01-1.0 

0.6-2 

Quartz,  Crystal 

5 

0.8 

0-2.106 

4.44 

0.001-0.08 

0.08-0.2 

(x-cut) 

e-2. 1 53 

4.64 

0.001-0.08 

0.08-0.2 

Note:  n  is  the  real  component  of  the  index  of  refraction,  c  is  the  real  component 
of  the  dielectric  constant  and  a  is  the  power  absorption  coefficient. 
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ABSTRACT 

The  utilization  of  the  synchrotron  radia¬ 
tion  from  the  UVSOR  storage  ring  of  the  In¬ 
stitute  for  Molecular  Science  at  Okazaki  in 
Japan  for  the  far  infrared  and  millimeter 
wave  spectroscopy  has  started  since  1986. 
The  experience  at  the  UVSOR  proved  that  the 
synchrotron  radiation  is  a  very  bright 
light  source  over  a  black  body  source.  To 
demonstrate  the  advantage  to  use  the  syn¬ 
chrotron  radiation  in  the  far  infrared  re¬ 
gion  instead  of  a  conventional  source,  ex¬ 
periment  under  high  pressure  using  a  dia¬ 
mond  anvil  cell  is  described. 

INTRODUCTION 

Synchrotron  radiation  is  a  new  light 
source  which  covers  a  very  wide  energy  re¬ 
gion  from  the  microwave  to  the  x-ray.  How¬ 
ever,  the  synchrotron  radiation  has  not  been 
employed  in  the  long  wavelength  spectroscopy 
although  the  synchrotron  radiation  has  many 
excellent  properties  such  as  high  brightness 
(photon  numbers  per  unit  area-solid  angle 
product),  continuous  spectral  distribution 
over  the  entire  energy  region,  its  precise 
time  structure  in  the  nano-second  time  do¬ 
main  and  so  on. 

After  precursory  experiments  at  the  stor¬ 
age  ring  of  the  SRS  (Daresbury)  ( 1 ]  and  the 
BESSY  (Berlin)  (21,  a  spectroscopic  system 
was  constructed  in  1985  at  the  beam  line 
BL6A1 ,  which  is  dedicated  exclusively  for 
the  far  infrared  spectroscopy,  of  the  UVSOR 
and  its  practical  utilization  has  started 
since  1986  (3). 

The  purpose  of  the  present  paper  is  to 
describe  the  recent  advance  in  experiment  on 
solid  state  spectroscopy  in  the  far  infrared 
and  the  millimeter  wave  regions  at  the  UVSOR. 

INTENSITY  MEASUREMENT 

The  far  infrared  radiation  from  the  UVSOR 
in  a  solid  angle  of  4. 8x10“°  sr  was  intro¬ 
duced  into  a  Martin-Puplett  interferometer 
by  light  collection  mirrors.  The  emitting 
solid  angle  of  the  synchrotron  radiation  is 
by  about  twenty  times  smaller  than  that  of 
the  usual  optics  of  f/3  by  a  conventional 
light  source.  The  incident  light  beam  into 
the  sample  chamber  after  the  interferometer 
was  reflected  a  toroidal  mirror  and  focussed 
on  the  sample  position  in  the  sample  cham¬ 
ber.  The  interferometer  is  equipped  with  its 
own  light  source  of  a  125  W  high  pressure 
mercury  lamp  with  the  light  collection  of 
the  solid  angle  of  0.075  sr.  Thus,  either 
the  synchrotron  or  the  light  from  the  mercu¬ 
ry  lamp  is  selective  13].  Therefore,  we  can 


directly  compare  the  intensities  of  the  two 
sources  using  the  same  spectroscopic  system. 

By  this  system,  the  light  intensities 
from  the  two  sources  were  measured  as  the 
function  of  the  aperture  at  the  sample  posi¬ 
tion  through  which  the  light  passed.  Fig. 1 
shows  the  ratios  of  the  light  intensity  at 
100  /in  of  the  synchrotron  radiation  to  that 
of  the  mercury  lamp  through  different  aper¬ 
tures.  The  intensities  of  the  synchrotron 
radiation  were  normalized  to  that  in  opera¬ 
tion  of  100  mA.  This  result  shows  that  more 
photon  flux  with  the  synchrotron  radiation 
than  with  the  mercury  lamp  is  acceptable 
into  a  detector  in  experiment  where  a  sample 
acceptance  is  limited.  The  UVSOR  is  designed 
for  a  ring  current  of  500  mA.  Therefore,  the 
synchrotron  radiation  should  serve  as  a 
superior  intense  continuum  light  source  over 
any  other  conventional  source  in  the  entire 
far  infrared  region. 

EXPERIMENT  UNDER  HIGH  PRESSURE 

The  response  of  the  phonon  spectrum  of 
material  due  to  the  phase  transition  on  its 
crystal  structure  has  been  widely  studied  by 
laser  Raman  spectroscopic  method.  However, 
the  change  in  the  phonon  spectrum  of  the 
materials  which  possesses  the  inversion 
crystal  symmetry  such  as  alkali  halides  has 
not  been  reported  because  its  optic  phonon 
mode  has  Raman  inactive  character.  In  such  a 
case,  an  absorption  measurement  under  high 
pressure  using  a  diamond  anvil  cell  is  re¬ 
quired  to  observe  it.  Such  an  experiment  has 
been  difficult  particularly  in  the  far  in¬ 
frared  region  because  of  the  lack  of  the 
brightness  of  a  conventional  source. 

At  the  UVSOR,  the  experiment  under  high 
pressure  using  a  diamond  anvil  cell  in  the 
far  infrared  region  is  possible  owing  to  the 
high  brightness  of  the  synchrotron  radia¬ 
tion.  The  precise  description  of  the  spec¬ 
troscopic  system  under  high  pressure  com¬ 
bined  with  the  UVSOR  was  given  elsewhere 
[4].  We  made  a  so-called  lever-arm  type  of  a 
diamond  anvil  cell.  The  pressure  induced  in 
the  diamond  anvil  cell  was  measured  by  a 
conventional  fluorescence  measurement  tech¬ 
nique  of  a  ruby.  A  ruby  chip  was  immersed  as 
a  pressure  sensor  together  with  the  sample 
in  the  liquid  paraffin  within  the  pressure 
cell.  By  use  of  this  high  pressure  appara¬ 
tus,  we  measured  the  change  in  the  phonon 
spectrum  of  alkali  halides  due  to  the  phase 
transition  with  the  pressure.  It  is  well 
known  that  alkali  halide  shows  a  first 
order  phase  transition  from  the  B1  phase 
(rock  salt  structure)  to  the  B2  (cesium 
chloride)  under  pressure.  However,  the  meas¬ 
urement  of  the  far  infrared  spectrum  under 
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pressure  has  not  been  done. 

Fig. 2  shows  the  changes  of  the  phonon 
spectra  of  KI  with  the  pressure  at  room 
temperature.  A  KI  film  of  2  thickness 

was  evaporated  in  advance  onto  the  one  culet 
surface  of  the  diamond.  The  pressure  is 
shown  at  each  spectrum.  The  dip  which  corre¬ 
sponds  to  the  TO  phonon  absorption  is  shown 
by  a  downward  arrow  in  each  curve.  The  TO 
phonon  showed  a  blue  energy  shift  with  the 
pressure  in  the  B1  phase  (curves  a-c).  It 
was  suddenly  reduced  after  the  phase  transi¬ 
tion  to  the  B2  which  occurs  at  1.8  GPa.  In 
the  B2  phase,  the  TO  phonon  showed  a  blue 
shift. 

From  the  energy  shift  of  the  TO  phonon 
versus  the  pressure,  the  mode  Gruneisen 
parameters  (7 to)  in  the  both  phases  and  the 
TO  phonon  energy  (<wto)  in  the  B2  phase  were 
reduced  for  the  first  time.  They  are  7t©b1 
=  1.66,  Tto62  =  2.7  and  <wToB2  =  106  cm-1. 
The  details  of  the  experimental  results  on 
other  alkali  halide  crystals  will  also  be 
given. 

CONCLUSIONS 

1)  The  practical  utilization  of  the  synchro¬ 
tron  radiation  in  the  far  infrared  region 
has  started  since  1986  at  the  UVSOR.  The 
available  spectral  region  for  the  measure¬ 
ment  covers  3  to  250  cnT1.  2)  The  absorption 
measurement  of  alkali  halide  under  high 
pressure  using  a  diamond  anvil  cell  is  now 
carried  out  at  the  UVSOR.  The  change  in  the 
phonon  spectrum  of  alkali  halides  under  high 
pressure  was  done  to  demonstrate  an  advan¬ 
tage  of  the  utilization  of  the  synchrotron 
radiation  in  the  far  infrared  region.  3)  By 
the  experiment  under  high  pressure,  the  mode 
Gruneisen  parameters  and  the  TO  phonon  ener¬ 
gy  of  the  alkali  halides  in  the  B1  and  B2 
phases  were  determined  for  the  first  time. 


Fig. 1  The  ratio  of  the  light  intensity  of 
the  synchrotron  radiation  at  100  wm  to  that 
of  the  mercury  lamp  which  pass  through  the 
same  aperture  is  shown  versus  the  diameter 
of  the  aperture.  The  intensities  of  the 
synchrotron  radiation  were  normalized  to 
that  in  operation  at  100  mA. 
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Fig.  2  Transmission  spectra  of  a  KI  evapo¬ 
rated  film  of  2  n m  thickness  measured  at 
room  temperature  under  high  pressure.  The 
pressure  monitored  by  the  energy  shift  of 
the  fluorescence  R1  line  of  ruby  is  shown 
on  each  spectrum.  The  dip  due  to  the  absorp¬ 
tion  of  the  TO  phonon  mode  of  KI  is  shown  by 
the  downward  arrow.  A  sharp  dip  at  130  cm”1 
is  due  to  the  absorption  of  the  crystalline 
quartz  filters  of  the  detector. 
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ABSTRACT 

A  resonance  method  using  a  dielectric  disk  res¬ 
onator,  consisting  of  a  plate  sample  clamped  between 
two  conductor  cylinders,  is  described  for  measuring 
the  temperature  dependence  of  the  complex  permittiv¬ 
ity  in  the  millimeter  wave  re' •'on.  An  alumina  sub¬ 
strate  is  measured  at  36  GHz  by  this  method. 


INTRODUCTION 

A  TEg^-mode  dielectric  disk  resonator,  consti¬ 
tuted  by  inserting  a  circular  disk  sample  into  a 
TE^-mode  circular  cutoff  waveguide,  is  used  to 
accurately  measure  the  complex  permittivity  of  solid 
dielectric  materials  [ 1 ]— [3] .  Recently,  this  method 
was  improved  to  measure  a  plate  or  sheet  sample  of 
any  size  nondestructively ,  although  the  measurement 
of  loss  tangent  was  not  discussed  sufficiently  [4]. 
This  paper  discusses  a  more  complete  treatment  of 
this  method  to  measure  the  temperature  dependence  of 
the  complex  permittivity  in  the  millimeter  wave 
region. 

MEASUREMENT  PRINCIPLE 

Fig.  1  shows  a  resonator  structure  used  in  this 
measurement.  Two  conductor  cylinders  of  the  diame¬ 
ter  D=16.4  mm  and  the  length  M=19.3  mm  were  machined 
from  brass  and  copper  plated.  A  plate  sample  is 
placed  between  these  cylinders  and  clamped  with 
clips  to  fix  this  structure;  hence,  the  sample  can 
be  quickly  removed  and  replaced  by  another  one  to  be 
measured.  The  axially  symmetric  TE„  0  modes  are 
used  to  avoid  air  gap  effects  at  the  plate-cylinder 


interfaces  and  the  higher  order  values  of  m  are 
chosen  to  increase  the  D  value  (m=4  in  this  case). 
The  cylinders  constitute  the  TE^-mode  cutoff  wave¬ 
guides;  hence  the  fields  decay  exponentially  on 
either  side  of  the  sample.  The  required  M  value  can 
be  determined  from  Fig.  5  in  [3].  Under  test,  two 
conductor  plates  are  removed  from  the  cylinders. 

This  structure  is  excited  by  two  2.4  mm  semi¬ 
rigid  coaxial  cables,  each  of  which  has  a  small  loop 
at  the  top;  this  system  permits  the  measurement  up 
to  50  GHz.  The  transmission-type  resonator  is  con¬ 
stituted  and  undercoupled  equally  to  the  input  and 
output  loops.  The  resonant  frequency  f^  and  unloaded 
Q,  Qu  are  measured  using  HP  series  devices  (8340B 
sweeper,  8349B  amplifier,  53554A  millimeter  wave 
head,  R281  waveguide-coax,  adapter,  85025D  coaxial 
detecter,  and  8757A  scalar  network  analyzer)  by 
means  of  the  swept-frequency  method. 

For  this  structure  the  resonant  frequency  and 
unloaded  Q  of  the  TE^q  mode  can  be  calculated 
accurately  by  the  rigorous  analysis  based  on  Ritz- 
Galerkin  method.  Therefore,  we  can  determine  Eg  and 
tan  6  from  the  measured  values  of  f^  and  Qu  on  the 
basissof  this  analysis.  This  numerical  calculation, 
however,  is  rather  tedious.  Then  we  first  determine 
relative  permittivity  e  and  loss  tangent  tan  6  by 
using  simple  formulas  rfor  the  dielectric  diskrres- 
onator  method  described  in  [3],  where  the  fringing 
effect  for  Fig.  1  is  neglected.  In  the  following  we 
obtain  e  and  tan  6  from  the  graphical  correction 
of  and  tan  6^,  using  charts  calculated  from  this 
analysis.  This  simplified  treatment  will  be  dis¬ 
cussed  below. 

The  value  is  given  by  [3] 

V^)2tx2+Y2]+1  M 

where  the  first  root  X  for  a  given  value  Y  is  calcu¬ 
lated  from 

Xtan  X=Y  Y=-j-/iT2-k02  (2) 

with  k0=27rf0/c,  kr=2j^/D,  and  J0'(j^)=0. 

The  tan  value  is  given  by  [3] 

,  nOi. 

tan  6r=rj-  -b/  - ^  [  l+a(T-T  )]  (3) 

vu 

where  0=00q  and  0  are  the  conductivity  and  the 
relative  conductivity  at  the  temperature  Tq  ®C,  Oq= 
58x10°  S/m,  and  a  is  the  temperature  coefficient  of 
o.  Also  the  values  A  and  B  are  given  by  [3] 


Fig.  1  Resonator  structure  for  measurement. 
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A-1+JL  B-_fCj0i)3  1+W 

A  1+T^  “"'uf-D'  60irj'  e  h“ 

r  0  JOm  r 


2V 
cos  X 

Y+sin^X 


Then,  the  £g  and  tan  values  ars  given  by 

e  =£  (1-  ^) 
s  r  e 

r 


(4) 


(5) 


A  AAS  AJBy/ ^VOr 


tan  6s=-2-(  1-t-fi)  B(  !+-§£)/  -^[l+a(T-T0)]  (6) 


respectively,  where  the  correction  terras  due  to  the 
fringing  field  Ae/e  ,  AA/A  and  AB/B  are  can  be  ob¬ 
tained  from  the  charts,  which  are  omitted  here. 

The  mean  square  errors  of  £  and  tan  6  can  be 
estimated  by  means  of  the  fir^o  -order  approximation 
[3].  Then,  we  assume  that  A£  =  Ae  and  Atan  5  = 
Atan  6  .  s  r 

r 


EXPERIMENT 


A.  Cylinder  Parameters  Measurement 

We  can  determine  the  cylinder  parameters  such  as 
D,  2M,  o,  T  ,  and  a  from  the  measurement  for  the 
TEq^  mode  of  an  empty  cavity,  which  is  constructed 
byu  x  attaching  two  conducter  plates  to  both  ends  of 
the  cylinders  after  removing  the  sample  as  in  Fig.l. 
PTFE  rings  are  attached  on  the  end  plates  to  separa¬ 
te  the  degenerate  TM^^  modes  from  the  TEqj^  modes 
[3  ] . 

At  first,  D  and  2M  are  determined  from  the 
measured  two  resonant  frequencies,  fj  for  the  TEqjj 
mode  and  f^  for  the  TEq^  mode,  by  using 


was  placed  in  the  temperature-stabilized  oven  and 
the  temerature  dependences  of  fg  and  Qu  were  meas¬ 
ured.  These  results  are  shownu  in  Fig.  2.  The  e 
and  tan  6r  values  determined  from  these  results  by 
using  (1),  (3),  and  (10)  are  shown  in  Fig.  3  by 
broken  lines.  Considering, the  fringing  effect  terms 
Ae/er=0.0176,  AA/A=6.7xlO  ,  and  AB/B=0.57  calculat¬ 
ed  in  this  case,  we  obtain  £  and  tan  6  ,  shown  in 
Fig.  3  by  solid  lines.  '  s 

The  root  mean  square  error  of  £  is  ±0.14  which 
is  estimated  from  AD=±0.0002  mm,  AL=S±0.018  mm,  and 
AfQ=±0.02  GHg.  The  root  mean  square  error  of  tan  6 
is  ±1.2x10  which  is  estimated  from  AQ  =±91  and  s 
Ao=±1.4  percent.  u 


TCC) 


Fig.  2  Temperature  dependence  of  fp  and  Qu  for  99.9 
percent  alumina  sample.  '  u 


derived  from  the  resonance  conditions. 


Secondly,  0  is  detemined  from  the  measured 
unloaded  Q,  Q  at  f,  by  using  equation  (1)  in  (3]. 

Thirdly,110  the  temperature  coefficient  of  the 
cylinder  T  is  determined  from  the  measurement  of 
temperature°dependence  of  f  ^  by  using 


(8) 


Finally,  a  is  determined  from  the  measurement 
of  temperature  dependence  of  0  by  using 


(9) 


For  this  cavity,  we  obtained  D=16.417  mm  and  2M= 
38.689  mm  from  the  measured  values  f, =22. 606  GHz  and 
f 2=25. 122  GHz  at  room  temperature  (23°C),  and  0=82.5 
percent  from  Qu  =17300  at  fj.  In  the  following,  we 
placed  the  caviEy  in  a  temperature-stabilized  oven 
and  measured  the  temperature  dependences  of  f,  and 
Q  .  These  results  yield  T  =18.4  ppm/°C  and 
a=6. 00354  between  10°C  and  90°C.  As  a  result,  D  and 
o  are  given  by 


D=l6.415[l+18.4xl0"6(T-20)]  mm 
0=83. 4/[ 1+0. 00354(T-20) ]  % 


OO) 


B.  Measurement  of  Temperature  Dependence  of 
Complex  Permittivity 

The  resonator  structure  with  a  99. 9,  %  alumina 
ceramic  plate  having  L=0.776(l+5.4xl0”°(T-20)]  mm, 


TCC) 

Fig.  3  Temperature  dependence  of  £  ,  £  ,  tan  6  ,  and 
tan  for  99.9  percent  alumina  sample. 
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SOME  NEW  PROPERTIES  OF  LOADED  RESONATORS 

Dr.  Louis  F.  Libelo  and  Guy  Pisane 
Harry  Diamond  Laboratories 


ABSTRACT  THEORY  AND  RESULTS 


We  have  been  investigating  the  effects 
of  loading  resonator  systems  in  the  interior 
as  well  as  accessing  them  from  the  exterior. 
We  present  some  new  properties  that  have 
been  brought  to  light  as  a  result  of  the 
methods  used  to  study  systems  loaded  in  the 
interior.  Mode  charts  and  eigenfield  dis¬ 
tributions  are  to  be  shown  for  the  concen¬ 
tric  spherical  resonator.  The  form  of  the 
representation  of  these  mode  charts  illus¬ 
trates  the  power  of  the  techniques  used  and 
the  richness  of  the  results  obtained. 


INTRODUCTION 

We  investigated  analytically  a  simple 
resonator  system  in  such  a  manner  that  the 
many  interesting  and  useful  results  obtained 
are  immediately  applicable  in  the  millimeter 
wave  and  in  other  regimes.  Furthermore,  the 
properties  found  for  the  relatively  simple 
system  can  be  extrapolated  to  more  general, 
highly  complex  resonator  systems.  The  sys¬ 
tem  we  report  on  here  is  the  ideal,  concen¬ 
tric.  spherical  cavity  with  ideal  walls. 
In  this  system,  the  inner  conductor  is 
loaded  with  a  lossy  dielectric  layer,  while 
the  remainder  of  the  cavity  is  homogeneously 
filled  with  a  lossless  dielectric.  Zaki  and 
collaborators  [1,2],  to  mention  one  research 
effort ,  have  established  the  value  of  mode 
charts  for  millimeter  resonator  systems  in 
their  studies  of  cylindrical  systems .  Since 
space  limitations  constrain  us  to  present  a 
6mall  fraction  of  our  results,  we  have  se¬ 
lected  for  this  report  several  representa¬ 
tive  mode  charts  for  our  system.  These  mode 
charts  are  in  dimensionless  form  and  hold 
for  all  ranges  of  the  geometric  parameters 
of  the  system.  We  show  results  for  the  di¬ 
electric  load  ranging  continuously  from  an 
an  ideal,  lossless  dielectric,  to  an  ideal 
(infinitely  lossy)  conductor.  In  addition 
to  the  mode  charts,  we  show  representative 
eigenfield  component  distributions,  but  only 
for  lossless  loads. 


Figure  1.  The  concentric  cavity  with  dielectric  e,  and 
load  £;>  =  £2  “  i Old). 


Figure  1  illustrates  the  geometry  of 
the  concentric  spherical  system.  Applica¬ 
tion  of  the  boundary  conditions  at  the 
metal  walls  and  the  dielectric  interface  to 
the  fields  obtained  from  the  Debye  poten¬ 
tials  yields  the  characteristic  equation 
whose  roots  are  the  propagation  constants. 
In  all  we  discuss  here,  we  have  suppressed 
the  angular  dependencies  of  all  physical 
quantities  since  they  are  quite  well  known. 
Extensive  calculations  of  the  system  TM  and 
TE  eigenvalues  have  been  carried  out.  In 
the  special  case  of  a  non-lossy  dielectric 
load,  mode  charts  were  developed  separately 
for  the  TM  and  the  TE  modes  for  different 
values  of  the  of  the  load  layer  thickness 
and  for  a  number  of  choices  of  relative  di¬ 
electric  constants.  Figure  2  is  an  example 
of  one  such  chart,  namely,  the  TM  modes  for 
relative  dielectric  constant  10,  and  a  load 
layer  thickness  one-tenth  the  radius  of  the 
outer  metal  wall.  Each  trajectory  contains, 
for  a  specific  TM  mode,  the  value  of  the 
propagation  constant  (or  the  resonance  fre¬ 
quency)  of  the  system  for  any  size  outer 
conductor  wall  for  the  entire  permissible 
range  of  inner  conductor  wall  radius.  An 
inspection  of  this  mode  chart  reveals  some 
very  surprising  properties  in  the  variation 
of  the  resonances  with  respect  to  the  dif¬ 
ferent  parameters.  In  particular,  note  that 
there  is  one  and  only  one  family  of  modes 
(the  TMlp)  for  the  system  whose  frequencies 
do  not  become  quite  large  as  c/a  approaches 
unity.  The  lower  lying  trajectories  in  Fig¬ 
ure  2  illustrate  this.  For  a  concentric 
cavity  with  no  dielectric  layer,  the  reson¬ 
ances  of  the  higher  modal  families  approach 
infinity  as  b  approaches  a. 


Figures  3  and  4  are  simple  mode  charts 
for  the  ratio  of  inner  to  outer  conductor 
radii  of  0.8  and  a  lossy  load  dielectric  of 
thickness  equal  to  one-tenth  the  outer  metal 
radius,  and  whose  real  parts  have  ratios 
equal  to  3  and  10,  respectively.  In  each 
case  these  figures  give  the  value  of  the 
complex  frequency  as  the  loss  in  the  load 
ranges  continuously  from  zero  to  infinity 
for  any  value  of  outer  conductor  radius. 
Note  that  in  Figure  3  there  is  an  intermedi¬ 
ate  range  of  conductivity  for  the  load  for 
which  the  damping  constant  decreases  with 
increasing  conductivity.  Considerably  more 
intricate  variation  has  been  found  for  other 
cases.  This  is  all  in  marked  contrast  to 
the  monotonic  behavior  for  the  cavity  homo¬ 
geneously  filled  with  a  lossy  dielectric. 


A  normalized  set  of  the  radial 
dependence  of  TM11  and  TEU  eigenfield 
distributions  will  be  shown  for  a  non-lossy 
case.  The  variation  of  the  eigenfields  with 
the  various  system  parameters  proves  to  be 
an  interesting  study  in  its  own  right. 


Imag  (Y,a) 
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Figure  2.  TM  eigenvalues,  knpa,  for  the  loaded  concen¬ 
tric  cavity,  filled  with  dielectric  £,.  The  inner  conductor  is 


Figure  3.  TM11  spatial  eigenvalues.  y,a  =«a  \ZiJTv  in 
medium  elt  with  normalized  conductivity  o  =  oav/^T,  as 
parameter,  for  b  =  0.8a  and  c  =  0.9a.  Layer  with  relative 
dielectric  constant  c  =  e2/zt  =  3  -  io/y,a. 


Figure  4.  TM11  spatial  eigenvalues,  y,a  =  n>ay/p£j,  in 
medium  £,,  with  normalized  conductivity  6  -  oaVt iTT^  as 
parameter,  for  b  -  0.8a  and  c  =  0.9a.  Layer  with  relative 
dielectric  constant  £  =  £2/£i  =  10  -  io/y,a. 


The  spherical  cavity  loaded  with  a 
dielectric  sphere  has  also  been  thoroughly 
analyzed.  This  work  relates  to,  but  is  more 
extensive  than  that  of  Julien  and  Guillon 
[3],  and  is  to  be  presented  later.  Exten¬ 
sive  results  were  obtained  when  there  is  an 
aperture  in  the  outer  wall  to  access  the 
resonator  interior.  These  results  are  also 
to  be  presented  elsewhere.  Further  work  is 
under  way  to  include  the  effects  of  finite 
wall  conductivity  and  finite  wall  thickness 
to  make  the  study  complete.  These  results 
can  be  of  use  to  workers  in  many  different 
areas  of  electromagnetics. 


1.  K.  A.  Zaki  and  C.  Chen,  IEEE  Trans. 
Microwave  Theory  and  Techniques,  yol  MTT  34, 
pp  815-824,  July  1986 

2.  K.  A.  Zaki  and  A.  Alia,  IEEE  Trans. 
Microwave  Theory  and  Techniques,  vol  MTT  31, 
pp  1039-1040,  Dec.  1983 

3.  A.  Julien  and  P.  Guillon,  IEEE  Trans. 
Microwave  Theory  and  Techniques,  vol  MTT  34, 
pp  723-729,  June  1986 
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NEAR-MILLIMETER-WAVELENGTH  MEASUREMENTS  OF  COMPLEX  INDEX  VALUES  OF 
SEVERAL  POLYMER  MATERIALS 

Michael  Stead  and  George  J.  Simonis 

LABCDM,  Harry  Diamond  Laboratories 
2800  Powder  Mill  Road 
Adelphi,  MD  20783-1197 


ABSTRACT 

We  have  determined  the  near-millimeter- 
wavelength  (100  to  500  GHz)  values  of  the 
complex  indices  of  refraction  of  several 
polymer  materials.  A  polarizing  Eburier 
transform  spectrometer  was  used  in  making  the 
measurements.  Results  include  error  analyses 
and  comparisons  with  other  reported  measurements. 


Today,  polymers  are  being  considered  for 
applications  which  in  the  past  were  closed  to 
them.  The  new  generation  of  polymers  and 
composites  are  strong,  resistant  to  heat  and 
many  chemicals,  lightweight,  insulating,  moldable, 
and  machinable  (1].  These  properties  make  them 
improved  candidates  for  use  as  windows,  radomes 
and  waveguides.  It  is  the  purpose  of  this 
discussion  to  present  the  near-millimeter-wave 
(NMMW)  characteristics  of  some  of  these  materials. 

Fbr  each  material  tested,  the  index  of 
refraction  and  the  absorption  coefficient,  a, 
were  determined  as  a  function  of  frequency 
using  Rmrier  transform  spectroscopy  (  FTS) .  The 
experimental  configuration  is  shown  in  Fig.  1. 
First,  the  average  index  was  determined  in  the 
range  of  3  to  10  cm-1  using  dispersive  FTS  (2). 
Then  a  was  determined  using  nondispersive  FTS  (3). 
It  is  sufficient  for  most  purposes  to  find  the 
average  index,  since  the  index  changes  by  less 
than  a  percent  over  the  frequency  range  tested 
(41.  All  the  samples  tested  were  large  enough  to 
be  placed  in  the  collimated  beam.  This  avoided 
the  possible  error  caused  by  different  portions  of 
the  beam  travelling  different  optical  path  lengths 
if  the  sample  had  been  placed  in  the  focussed  beam 
(5).  A  brief  description  of  each  material  will  be 
given  with  the  results. 

Eight  materials  were  tested.  Table  1 
displays  the  index  of  refraction,  a  at  94  GHz, 
and  loss  tangent  at  94  GHz  of  each  sample.  We 
found  the  value  of  sample  thickness  variation, 

At,  by  making  several  thickness  measurements  at 
different  points  on  each  sample.  The  number  given 
is  the  standard  deviation.  This  value  was 
incorporated  into  our  calculation  of  the 
uncertainty  of  the  index,  An.  Also  contributing 
to  An  is  the  resolution  of  the  interferometer. 
Interpolations  can  be  made  in  the  dispersive 
interferogram  to  find  the  index  to  within  a 
quarter  of  the  resolution,  given  a  uniform  sample. 
If  greater  accuracy  is  needed,  smaller  step  sizes 
can  be  used.  However,  as  polymer  samples 
properties  are  not  generally  highly  consistent, 
the  resolution  used  was  deemed  sufficient.  Both 
At  and  An,  and  also  the  uncertainties  in  the 
transmission  data  were  used  to  findAa  and  Atan  6. 
Standard  propagated-error  calculations  were  made 
to  determine  uncertainties.  Fig.  2  is  a  plot  of 


the  absorption  coefficient  of  acrylonitrile- 
butadiene-styrene  (ABS)  and  polyether-etherketone 
(PEEK)  from  3  to  12  cm-1.  Fig.  3  displays  the 
absorption  coefficient  of  polyimide  quartz  (PIQ) 
and  glass-fiber- loaded  polycarbonate  (Lexan  3414) 
from  3  to  12  cm-1.  Fig.  4  is  a  comparison  of 
three  types  of  polyether  imide  (Ultem).  The  plot 
shows  the  absorption  coefficient  from  3  to  12  cm- 
of  pure  Ultem,  and  Ultem  with  20%  and  30%  by  weight 
concentrations  of  glass  fibers.  We  see  that  the 
least  lossy  is  the  pure  Ultem.  We  also  see  that 
the  sample  with  the  higher  concentration  of  glass 
fibers,  Ultem  2300,  is  the  most  lossy,  as  might  be 
expected.  Fig.  5  compares  the  least  lossy  sample 
tested,  poly-4-methyl  pentane  (TPX) ,  with  another 
low-loss  window  material,  sapphire  (4).  The 
absorption  coefficient  is  presented  from  3  to 
15  cm-1.  Our  loss  data  for  TPX  compares  well  with 
that  of  Afsar  [6,7).  The  differences  may  be  due  to 
different  impurities  in  the  samples,  as  TPX  is 
produced  with  different  additions  for  different 
purposes. 

The  error  bounds  plotted  in  figures  2 
through  5  demark  a  95%  confidence  interval  for 
the  value  of  the  absorption  coefficient,  with 
respect  to  statistical  fluctuations.  There  is 
also  a  possibility  of  systematic  error  that  could 
be  as  large  as  0.03  Np/cm. 

We  see  that  none  of  the  materials  tested 
exhibit  catastrophic  losses.  The  very  low 
absorption  coefficient  of  TPX  makes  it  worth 
considering  for  waveguide  applications.  The 
other  materials,  with  losses  an  order  of  magnitude 
larger,  would  have  virtually  no  use  in  waveguides 
at  this  frequency.  However,  in  cases  where  ample 
signal  is  available,  they  would  be  of  use  as 
windows  or  radomes.  This  judgement  is  made  in 
consideration  of  the  fact  that  none  of  the 
materials  has  an  absorption  coefficient  above 
0.7  Np/cm  at  94  GHz.  This  value  corresponds  to 
a  50%  reduction  in  transmission  for  every 
centimeter  of  thickness. 

Another  conclusion  can  be  drawn  from  the 
Ultem  results.  The  incorporation  of  glass  fibers 
in  the  material  makes  the  material  more  lossy. 

The  fibers  are  included  to  add  strength  to  the 
material.  So,  for  reinforced  Ultem,  in  this 
frequency  range  there  is  a  tradeoff  involved 
between  strength  and  transmission.  K>th  fiber 
dimensions  and  fiber  composition  may  contribute  to 
the  absorption  coefficient.  Experimentation  with 
different  fibers,  would  be  enlightening. 
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Fig.  I.  Polarizing  interferometer  used  to  perform 
Fburier  Transform  Spectroscopy  ( FTS) . 
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butadiene  styrene  (ABS),  solid,  and 


polyether  etherketone  (PEEK),  dashed.  As 
with  Figs.  3-5,  the  upper  and  lower  lines 
demark  a  95%  confidence. 


Fig.  3.  Absorption  coefficient  for  polyimide 
quartz  (PIQ),  solid,  and  Lexan  3414, 
dashed. 


FREQUENCY  GHz 


Fig.  4.  Absorption  coefficient  for  three  Oltem 
samples,  Ultem  1000,  solid,  Ultem  2200, 
dashed,  Oltem  23000  chain-dashed. 


FREQUENCY  GHz 


WAVE  NUMBER  cm-1 


Fig.  5.  A  comparison  between  the  absorption 

coefficients  of  poly-4  methyl  pentane 
(TPX),  solid,  and  sapphire,  dashed. 
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ABSTRACT 

The  physical  processes  of  both  discharge  excited  and 
optically  pumped  farinfrared  lasers  will  be  discussed.  Experi¬ 
mentally  this  work  is  based  on  the  use  of  a  tunable  millimeter 
and  submillimeter  spectrometer  as  a  diagnostic  probe  of  the 
internal  energy  transfer  mechanism  in  these  lasers.  Quantita¬ 
tive  numerical  models  whose  parameters  describe  fundamental 
energy  transfer  processes  will  be  discussed.  Emphasis  will  be 
on  results  which  have  the  potential  to  lead  to  new  or  improved 
laser  systems. 


INTRODUCTION 

Far  infrared  lasers  have  played  an  important  role  in  the 
development  of  this  spectral  region.  As  aresult  there  have  been 
extensive  development  efforts  aimed  at  the  discovery  of  new 
lasers,  and  the  improvement  and  characterization  of  existing 
lasers.  This  presentation  is  based  upon  a  number  of  diagnostic 
experiments  and  modeling  efforts  carried  out  in  our  laboratory 
'on  both  discharge  and  optically  pumped  lasers.  In  these 
experiments  millimeter  and  submillimeter  (mm/submm)  radia¬ 
tion  from  a  tunable  spectrometer1 3  was  used  to  probe  the  active 
laser  media.  From  the  cw  and  time  resolved  emission/absorp¬ 
tion  responses  of  rotational  transitions  in  a  number  of  vibra¬ 
tional  states,  it  has  been  possible  to  deduce  in  some  detail  the 
important  excitation  and  relaxation  pathways  of  these  lasers. 
Numerical  models,  whose  parameters  are  basic  energy  transfer 
rates  between  thermal  pools  of  states  or  individual  states,  have 
been  developed  to  describe  these  results.  In  addition  to  the 
detailed  description  of  these  lasers,  a  number  of  new  results 
have  been  obtained  that  provide  opportunities  for  further  prog¬ 
ress  in  this  field. 


EXPERIMENTAL 

The  basic  method  common  to  all  of  the  diagnostic  studies 
is  the  use  of  a  modified  mm/submm  spectrometer  to  probe  both 
the  cw  and  time  resolved  spectra  of  the  active  laser  media.  The 
figure  below  shows  theconfiguration  used  for  the  study  of  time 
resolved  energy  transferin  optically  pumped  systems.  InitaQ- 
switch  was  used  to  produce  -0.5  |is  pulses  of  CO,  laser 
radiation.  Alternatively,  the  laser  could  be  gated  on  for  longer 
periods,  typically  200  ps  for  the  observation  of  more  slowly 
varying  states.  The  laser  power  was  copropagated  with  the 
mm/submm  diagnostic  probe  through  a  2  cm  diameter,  1 .37  m 
long  gain  cell.  The  mm/submm  probe  radiation  was  phase 
locked  to  a  harmonic  of  a  frequency  synthesizer.  This  system 
was  extremely  stable  and  provided  absolute  power  levels 
constant  to  a  few  percent  with  minimum  attention.  For  studies 
of  discharge  systems,  the  optically  pumped  gain  cell  was 
replaced  by  a  tube  characteristic  of  discharge  fir  lasers,4'5  which 
for  time  resolved  studies6  could  be  gated  on  and  off  by  a 
modulator. 


RESULTS 

Extensive  experimental  and  theoretical  results  have  been 
obtained  on  both  optically  pumped  and  discharge  driven  far 


infrared  lasers.  In  this  section,  we  will  describe  a  few  selected 
examples  from  work  on  both  types  of  lasers  to  illustrate  the 
nature  of  the  results  and  to  provide  a  basis  for  discussing 
possible  avenues  for  further  advances. 

Discharge  driven  systems:  Lide  and  Maki  showed  that 
the  HCN  discharge  laser  was  dependent  on  a  Coriolis  enhanced 
rotation-vibration  transition  between  the  1 10  vibrational  state 
(which  contains  the  upper  lasing  level)  and  the  040  vibrational 
state  (which  contains  the  lower  lasing  level).  Its  inversion  is 
thus  primarily  a  vibrational  inversion  and  the  important  vari¬ 
ables  are  the  chemical  concentrations  and  vibrational  state 
populations.  This  Coriolis  mechanism  is  very  important  be¬ 
cause  it  provides  a  means  to  have  inverted  populations  between 
levels  whose  energy  difference  are  «  kT  without  a  highly 
selective  laser  pump.  Extensive  measurements  of  the  chemical 
compositions  and  vibrational  excitations  have  been  made  and 
it  has  been  established  that:  (1)  The  population  of  the  100 
vibrational  mode  is  in  equilibrium  with  the  vibrational  tem¬ 
perature  of  the  N2  in  the  discharge;  (2)  The  population  of  the 
1  lOstaterelativetothe  100  state  is  in  thermal  equilibrium  with 
the  R/T  temperature;  (3)  The  population  of  040  is  very  small 
and  approximates  being  in  thermal  equilibrium  with  000;  (4) 
There  is  very  little  CN  in  the  discharge  and  its  lifetime  is  much 
shorter  than  the  decay  time  of  the  population  inversion  of  the 
laser  levels.  Figure  2  shows  an  example  of  the  experimental 
basis  for  the  second  conclusion  above,  a  comparison  of  the  time 
dependent  decay  of  the  vibrational  temperature  of  CO  (which 
is  used  as  a  tracer  for  N2)  and  the  temperature  of  the  100  state 
of  HCN.  It  can  be  seen  that  they  are  identical. 

All  of  this  leads  to  asimplc  model,  with  no  adjustable  para¬ 
meters,  which  quantitatively  explains  both  the  extensive  data 
obtained  in  this  work  and  the  results  of  a  substantial  body  of 


Figure  /.  Block  diagram  of  system. 
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work  in  the  literature.  In  this  model  the  energy  from  the 
discharge  is  first  deposited  in  the  N,  and  comes  to  reside 
primarily  in  the  v = 1  state.  It  is  then  efficiently  transferred  via 
nearresonant  collisions  to  the  100  state  of  HCN.  The  popula¬ 
tion  of  110  (which  contains  the  upper  lasing  state)  is  tied 
thermally  to  the  R/T  temperature  of  the  discharge.  Thus,  a 
combination  of  vibrational  energy  and  thermal  energy  replen¬ 
ish  the  upper  laser  state  as  the  lasing  transfers  population  to  the 
rapidly  relaxing  040  state. 

Optically  pumped  systems:  The  collisional  physics  of 
optically  pumped  systems  is  very  different  because  rotational 
energy  transfer,  rather  than  vibrational,  is  of  first  order  impor¬ 
tance.  This  is  because  theenergy  deposition  associated  with  the 
optical  pumping  can  be  specific  and  fast  enough  to  produce 
population  inversions  between  rotational  states  that  are  con¬ 
nected  by  electric  dipole  allowed  collisional  rekixation  path¬ 
ways.  These  are  typically  orders  of  magnitude  faster  than  the 
vibrational  processes  discussed  above.  As  a  result,  to  first 
order,  optically  pumped  systems  are  simple  to  understand. 
However,  it  is  well  known  that  the  processes  which  return  the 
population  to  the  lower  pump  level  are  very  important  in  cw 
systems  and  that  they  are  the  cause  of  some  of  the  major 
limitations  of  optically  pumped  far  infrared  lasers. 

Theseimportantrelaxation  mechanisms  will  bediscussed 
in  the  context  of  the  CH3F  laser  systems.  The  first  group  of 
these  involves  processes  which  move  the  population  away 
from  the  lasing  levels  into  the  rest  of  the  v^rotational  manifold. 
In  addition  to  being  of  fundamental  interest,  these  rates  and 
selection  rules  govern  the  effective  partition  function  of  the 
states  that  must  hold  the  molecules  until  they  can  be  vibration- 
ally  relaxed.  If  this  pool  is  large,  the  absorption  that  the  laser 
gain  must  overcome  is  small.  We  have  found  that  a  very  good 
model  of  this  rotational  relaxation  in  CH3F  can  be  based  on 
three  distinct  relaxation  processes:  (1)  the  electric  dipole 
allowed  AJ=±  1  transitions,  (2)  the  AK=3n  transitions  that  are 
allowed  by  spin  statistic  selection  rules,  and  (3)  a  fast  vibra¬ 
tional  swapping  mechanism  that  transcends  the  spin  selection 
rule  of  (2)  and  rapidly  populates  the  other  rotational  symmetry 
species  of  the  v3 vibrational  state.  In  addition,  we  have  found 
that  true  vibrational  transfer  to  nearby  vibrational  states  also 
increases  the  effective  rotational  partition  function. 

Because  all  of  the  above  process  are  orders  of  magnitude 
faster  than  most  fundamental  vibrational  deactivation  mecha¬ 
nisms  in  not  only  CHjF  but  also  in  most  laser  systems,  the 
vibrational  deactivation  is  ordinarily  considered  as  a  separate, 
sequential  step.  This  difference  in  rates  is  especially  valid  at 
higher  pressures  where  wall  deactivation  is  less  important. 
This  leads  naturally  to  the  concept  of  a  “vibrational  bottle¬ 
neck,”  a  pressure  above  which  thethreshold  for  oscillation  can 
not  be  obtained,  irrespective  of  pump  power.  This  cutoff 
pressure  Pe  is  given  by® 


where  d  is  the  cell  diameter,  D  the  diffusion  coefficient,  U2n 
the  pressure  broadening  parameter,  and  f2  the  fraction  of  the 
Boltzman  population  of  the  rotational  pool  in  the  upper  laser 
state.  It  is  ordinarily  assumed  that  none  of  the  terms  in  this 
equation  have  a  significant  pump  power  dcpendance,  thus,  the 
“cutoff’  concept.  However,  consider  /2.  In  the  vibrational 
bottlenecking  limit  the  population  of  the  vibrational  state 
containing  the  lasing  levels  increases  as  molecules  are  trapped 
in  the  excited  state.  This  corresponds  to  an  increased  vibra¬ 
tional  temperature.  In  a  real  molecule  the  vibrational  rates 
which  redistribute  the  population  among  the  excited  states  can 
be  very  fast.  In  this  circumstance,  the  effective  value  of  f2 
decreases  because  many  more  states  share  the  molecules.  This 


reduces  the  absorption  which  the  laser  gain  must  overcome. 
Similarconsiderations  lead  to  the  conclusion  that  the  effective 
value  of  D  increases  with  pump  power.  Both  of  these  effects 
cause  the  “cutoff’  pressure  to  increase  without  bound  with 
increased  pump  intensity.  We  have  demonstrated  the  validity 
of  this  result  by  operating  a  small  laser  about  an  order  of 
magnitude  above  the  “cutoff’  pressure.9 

DISCUSSION 

From  the  point  of  view  of  discharge  laser  development, 
perhaps  the  most  significant  results  of  our  study  of  the  HCN 
laser  are  those  related  to  the  excitation  mechanism.  Although 
it  is  possible  in  other  systems  that  the  commonly  accepted 
chemical  excitation  via  CN  is  important,  under  all  conditions 
that  we  have  investigated  the  concentrations  of  CN  and  its 
lifetime  are  both  far  too  small  to  makesignificantcontributions. 
Our  observations  have  shown  that  vibrational  energy  transfer 
from  N,  at  ~2100  cm1  to  the  100  state  of  HCN,  followed  by 
thermal excitation  to  the  upper  lasing  state  1 10  quantitatively 
accounts  both  for  observed  laser  behavior  and  a  wide  range  of 
diagnostic  data.  Since  only  a  few  polyatomic  molecules  that 
have  the  requisite  Coriolis  interaction  can  survive  a  discharge 
environment  that  would  providechemicaldrivenexcitation  via 
species  such  as  CN,  the  possibility  of  transferring  excitation 
from  the  long  lived  v  =  1  state  of  N2  offers  attractive  alterna¬ 
tives. 

For  laser  development,  the  most  interesting  results  of  our 
studies  on  optically  pumped  systems  are  those  which  relate  to 
the  “vibrational  bottleneck’’  in  diffusion  relaxed  systems.  It 
would  appear  thatengineeringextensionsofthedemonstration 
laser  discussed  above  are  especially  interesting  because  they 
could  lead  to  a  class  of  moderately  tunable  cw  OPF1R  lasers.  A 
very  simple  system  has  exhibited  tunability  of  ~1 00  MHz,  with 
high  spectral  purity.  Extension  to  ~1  GHz  seems  reasonably 
straightforward. 
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Figure  2.  Vibrational  temperatures  of  IICN(IOO)  and  CO(v=l)  as  a 
function  of  time  after  the  end  of  a  2.5  A  current  pulse.  The  vertical 
scales  are  offset  in  order  to  separate  the  data  points. 
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ABSTRACT 

An  overview  of  recent  experiments  car¬ 
ried  out  at  McMaster  University  on  optically 
pumped  NH3  lasers  will  be  given  .  Both 
pulsed  and  cw  lasers  have  been  investigated, 
and  conversion  efficiencies  ~  40%  have  been 
measured.  More  than  sixty  laser  transitions 
have  been  generated  in  the  10  to  30  pm 
region,  with  cw  power  as  high  as  10  W  and 
pulse  energies  >4.5  J  on  the  strongest 
lines . 


INTRODUCTION 

Optically-pumped  NH3  lasers  have  been 
widely  investigated  as  sources  of  line-tun¬ 
able  radiation  in  the  11  to  13  (j  m  region. 
Initial  experiments  used  pulsed  TE  C03 
lasers  as  pump  sources  [1],  and  efficient 
operation  of  these  pulsed  lasers  was  soon 
demonstrated  [2].  However,  the  dynamics  of 
the  NH3  laser  system  was  not  fully  under¬ 
stood  in  this  early  work.  In  particular,  it 
was  not  clear  if  the  NH3  laser  was  a  Raman 
laser  or  a  conventional  inversion  laser,  and 
the  details  of  line-tunability  could  not  be 
characterized  from  device  to  device. 


CW  NH3  LASERS 

In  1980,  we  undertook  a  comprehensive 
study  of  optically-pumped  NH3  lasers  at 
McMaster  University.  It  soon  became  clear 
that  the  threshold  pump  power  required  to 
operate  these  lasers  was  much  lower  than 
expected,  and  in  1982  we  reported  the  first 
cw  NH3  laser  operating  in  the  12  pm  region 
[3].  The  behaviour  of  this  cw  laser  could 
only  be  explained  if  laser  action  occurred 
by  means  of  a  two-photon  Raman  transition, 
and  striking  confirmation  of  this  mechanism 
was  obtained  by  probing  the  gain  in  an  NH3 
amplifier  with  a  tunable  diode  laser  [4]. 
Optimisation  of  the  cw  Raman  laser  followed, 
and  more  than  10  Watts  of  output  was 
achieved  at  12.08  pm,  with  a  conversion 
efficiency  of  28%  (5).  Further  work  led  to 
a  variety  of  cw  NH3  Raman  lasers  with  pump 
offsets  as  large  as  1.35  GHz  [6j. 

While  the  Raman  lasers  were  efficient 
sources  of  radiation  in  the  12  p  m  region, 
they  were  of  limited  utility  for  spectro¬ 
scopic  purposes,  as  only  a  single  laser 
wavelength  could  be  obtained  for  each  pump 
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transition.  We  therefore  examined  the  case 
of  resonance  pumping  using  a  cw  CO2  laser 
operating  on  the  9  R(30)  transition,  and 
shifted  by  180  MHz  in  an  acoustooptic  modu¬ 
lator  to  bring  the  pump  frequency  into  exact 
co-incidence  with  the  sR(5,0)  transition  in 
NH3.  This  resonance  pumping  turned  out  to 
be  an  extremely  powerful  technique  for 
creating  inversion  in  the  entire  \>2  band  of 
NH3.  Dilute  mixtures  of  NH3  in  a  buffer  gas 
were  used  to  ensure  thermalisation  of  the 
rotational  levels  in  NH3,  and  once  again 
tunable  diode  lasers  were  used  to  probe  the 
dynamics  of  the  laser  system.  A  simple 
model  of  the  \>2  inversion  laser  was 
developed,  and  this  model  enabled  us  to 
optimise  laser  operation.  Ultimately,  more 
than  sixty  lasing  transitions  were  observed 
from  10.3  to  13.8  pm  and  output  powers  as 
high  as  5.5  W  with  conversion  efficiencies 
of  33%  were  attained  on  the  strongest  lines 
{7].  Lasing  was  also  observed  in  *-’NH3>  and 
heterodyne  frequency  measurements  made  of 
several  of  the  transitions  [8]. 


PULSED  NH3  LASERS 

Recently,  we  have  re-visited  the  pulsed 
NH3  laser.  Our  improved  understanding  of 
the  dynamics  of  the  NH3  system  has  enabled 
us  to  develop  a  rate-equation  model  with  no 
adjustable  parameters.  This  model  has  been 
validated  by  making  detailed  measurements  of 
the  performance  of  pulsed  NH3  amplifiers 
under  both  small-signal  and  saturated  gain 
conditions.  Good  agreement  with  experiment 
was  obtained  over  a  wide  range  of  amplifier 
pressures  (170-700  Torr),  temperatures  (200- 
300  K),  mixtures  (0.05-0.2%  NH3)  and  buffer 
gases  (Ar,  N3  and  He).  Optically-pumped  NH3 
makes  an  ideal  amplifier  in  the  mid- 
infrared.  We  measured  small-signal  gain 
co-efficients  of  ~  20%/cm,  and  conversion 

efficiencies  of  >50%. 

In  the  most  recent  experiments,  a  13  J 
TE  C03  laser  was  used  to  pump  an  NH3  oscil¬ 
lator.  The  oscillator  could  be  tuned  over 
more  than  70  NH3  transitions,  and  12  pm 
pulses  with  energies  >4.5  J  were  observed. 
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ABSTRACT 

Submillimeter  wave  (SMM)  laser  with  a  high 
peak  power  (>  80  W)  and  a  high  repetition  rate 
(>  9  kHz)  has  been  developed.  The  laser  is  pumped 
by  a  newly  developed  current-pulsed,  mechanical 
shutter  type  Q-switched  (EMQ-switched)  C02  laser. 

In  this  paper,  we  describe  the  experimental 
results  obtained  from  the  S.MM  laser  pumped  by  the 
EMQ-switched  CO 2  laser. 


INTRODUCTION 

The  inverse  Smith-Purcell  (ISP)  effect  (1) 
which  was  proposed  by  us  in  1975  is  a  candidate  for 
laser-driven  linear  accelerator.  A  SMM  laser  is 
used  as  a  driving  source  to  demonstrate  the  effect 
experimentally  (2J.  The  SMM  laser  for  the  experi¬ 
ment  of  the  ISP  effect  has  to  have  the  following 
characteristics  (3);  output  pulses  of  1)  a  high 
peak  power  (>  1  VV),  2)  a  high  repetition  rate 
(>  500  Hz),  3)  a  TEMqo  single  mode  of  operation, 
and  4)  a  reproducible  clean  pulse  shape.  A  conven¬ 
tional  Q-switched  CO2  laser  [4]  as  a  pump  source  is 
insufficient  for  producing  such  the  SMM  pulses. 
An  EMQ-switched  CO2  laser  which  is  Q-switched  by  a 
mechanical  beam  shutter  in  combination  with  a 
pulsed  discharge  excitation  has  been  newly  develop¬ 
ed  for  pumping  SMM  laser.  This  CO2  laser  produces  a 
very  stable  output  with  a  peak  power  greater  than 
1  kW  at  a  repetition  rate  of  1  kHz  for  all  transi¬ 
tions  in  the  P  and  R  branches  of  the  CO2  spectrum. 
Using  it  as  a  pump  for  a  CH3F  laser,  we  have  ob¬ 
tained  496  um  radiation  in  40  W  peak,  20  ns  pulses 
at  1  kHz  in  the  lowest  loss  EHn  cavity  mode. 


EXPERIMENT 

Fig.  1  shows  a  schematic  of  the  experimental 
setup.  The  CO2  laser  is  a  conventional  low-pressure 
(^3  kPa)  gas-flow  discharge  tube  laser.  Its  cavity 
length  is  1.9  m.  Two  lenses  concentrate  the  laser 
beam.  The  shutter  wheel  is  placed  at  the  focus  of 
the  beam  to  make  the  switching  time  as  small  as 
possible.  The  shutter  has  a  RF  motor  usually  used 
in  molecular  turbo-vacuum-pumps,  and  the  maximum 
rotation  rate  is  70,000  rpm.  These  are  contained  in 
a  vacuum  chamber.  The  discharge  is  synchronized  to 
the  shutter  with  a  current  modulator. 

The  SMM  laser  is  a  dielectric-waveguide  laser. 
The  output  mirror  is  a  double  silicon  Fabry-Perot 
coupler  [5]  which  can  vary  the  reflectivity  for  a 
SMM  emission  line.  Peak  power  of  both  lasers  were 
determined  from  the  pulse  shape  and  the  average 
power. 


Fig.  2  shows  the  peak  power  of  the  pumping  CO2 
laser  pulse  as  a  function  of  the  shutter  velocity 
for  three  different  gas  pressures.  It  is  seen  that 
the  peak  power  saturates  at  a  high  shutter  velocity 
of  above  400  m/s.  The  result  shows  that  the  shutter 
velocity  is  sufficient  enough  to  develop  the  laser 
pulse  fully.  Fig.  3  demonstrates  that  the  saturated 
output  power  is  maintained  even  for  repetition  rate 
of  above  1  kHz.  Peak  power  of  greater  than  13  kW 
has  been  obtained  at  a  repetition  rate  of  1  kHz.  It 
should  be  noted  that  the  pulses  of  2  kW  are 
obtainable  even  at  repetition  rate  of  9.2  kHz. 
Fig.  4  shows  a  variation  of  the  peak  power  of  the 
496  pm  radiation  of  the  SMM  CH3F  laser  versus  that 
of  the  pump  laser.  We  have  obtained  a  86  W  peak 
pulse  of  496  um  in  duration  of  20  ns  at  a 
repetition  rate  of  90  Hz  with  a  21  kW  peak  power 
pump  on  the  9P(20)  line.  The  quantum  conversion 
efficiency  is  6  %,  which  is  1.5  times  better  than 
the  best  efficiency  previously  reported  for  a  CW 
laser  (6). 
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Fig.3  Output  Peak  power  versus  repetition  rate  in 
the  EMQ-switched  mode  for  the  9P(20) 
tiansition  for  various  discharge  currents. 
The  shutter  speed  was  454(m/s)  and  the 
pressure  was  1.7kPa. 


Fig. 4  Variation  of  the  output  peak  power  of  the 
CH3F  SMM  laser  versus  CO2  pump  peak  power 


Fig.2  Output  peak  power  of  the  CO2  laser  for  three 
different  gas  pressures  in  9P(20)  branch  as 
a  function  of  a  shutter  speed  of  a 
mechanical  shutter. 
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Abstract:  Operation  of  an  infrared  (880  nra)  optically-pumped  room  temperature  cw  surface 
emitting  vertical  laser  made  of  a  GaAs  active  layer  and  Bragg  AlAs/(AlAs)2(GaAs)9 
reflectors  is  reviewed.  Pump  threshold  power  is  16  mW  and  the  quantum  efficiency  7%.  Output 
polarization  and  linewidth  are  discussed. 

Introduction:  Surface  emitting  lasers  are  attractive  candidate  sources  for  optoelectronics 
since  they  provide  a  single  mode  light  beam  with  reduced  divergence  which  can  be  easily 
coupled  to  fibers  and  may  eventually  be  produced  in  high  density  2-D  arrays.  Owing  to  the 
absence  of  surface  recombination  these  lasers  can  withstand  very  high  powers.  Moreover,  due 
to  the  small  active  volume,  they  have  potentially  low  threshold  and  a  low  capacitance 
promising  high  speed  applications.  Recently,  some  electrically  pumped  structures  have  been 
reported  [1-2],  as  well  as  an  optically-pumped  structure.  In  this  paper  we  will  recall  the 
main  results  of  the  first  room  temperature  cw  optically-pumped  surface  laser  [ 3 ] ,  and 
discuss  in  detail  the  polarization  and  linewidth  behaviour.  This  structure  has  potential 
applications  for  wavelength  switching  and  as  a  bistable  optical  device. 

Laser  design  and  characterization:  The  whole  laser  structure  is  grown  by  molecular  beam 
epitaxy  on  a  (001)  oriented  GaAs  substrate  at  680  °C.  As  shown  in  the  Scanning  Electron 
Microscope  (SEM)  picture  of  Fig.l,  it  consists  of  a  central  active  layer  (1.78  Mm  thick) 
sandwiched  between  two  quarter  wave  Bragg  mirrors  (2.86  urn  thick).  The  GaAs  active*  layer  is 
lightly  n-doped  (n  ~  4.5  10iecnT3)  and  provides  gain 'in  the  vicinity  of  the  Fabry-Perot 
resonance.  The  two  quarter  wave  dielectric  Bragg  structures  are  made  of  20  alternating 
pairs  of  AlAs  and  (AlAs)2(GaAs)9  superlattice  layers  with  widths  of  640  X  and  734  A 
respectively.  This  material  is  non  absorbing  at  the  pump  and  laser  frequencies.  The  use  of 
superlattices  in  the  Bragg  mirrors,  instead  of  Al^Ga^^As,  allowed  us  to  keep  the  Al  oven 
temperature  constant  during  the  growth  which  improves  greatly  the  regularity  and  the 
quality  of  the  layers. 

The  reflectance  spectrum  of  the  whole  structure  provides  information  on  the  quarter 
wave  Bragg  dielectric  mirror  performance,  as  well  as  on  the  Fabry-Perot  resonance  inside 
the  structure.  The  most  recent  measurement  [4]  of  the  reflectance  spectrum  is  shown  on 
Fig. 2  and  agrees  quite  well  with  theoretical  design  calculations.  As  expected  the  mirrors 
provide  a  high  reflectivity  which  falls  off  rapidly  outside  the  80  nm  stopband  peaked 
around  890  nm.  The  two  dips  at  880  and  910  nm  in  the  reflectance  curve  are  due  to  the 
resonant  modes  of  the  Fabry-Perot  cavity.  Long  wavelength  thickness  fluctuations  on  the  2" 
wafer  shift  the  position  of  the  stopband  between  730  nm  and  900  nm.  As  a  result  lasing 
could  occur  only  on  the  regions  where  all  the  resonance  conditions  were  satisfied. 

Laser  operation  and  power  characteristics:  Operation  of  the  laser  requires  optical  pumping 
at  wavelengths  shorter  that  the  lasing  wavelength.  Moreover,  in  order  to  maximize  the 
transmission  of  the  pump  radiation  into  the  active  layer  it  is  advantageous  to  use  one  of 
minimum  reflectivity  regions  of  Fig. 2  (9%  at  837  nm) .  The  beam  of  a  Styril  9M  cw  dye  laser 
has  been  focused  on  a  20  (Mm)2  area  with  a  microscope  objective.  The  lowest  threshold 
power,  16  mW  has  been  obtained  at  880  nm.  However  these  values  depend  very  sensitively 

tgain  on  the  position  on  the  wafer  because  of  short  wavelength  thickness  fluctuations  (100 
over  0.5  M.m) .  As  the  structure  does  not  involve  any  kind  of  lateral  confinement  the 
surface  laser  mode  is  laterally  gain-guided  and  its  width  is  limited  by  the  ambipolar 
diffusion  of  the  carriers.  The  carrier  peak  density  has  been  estimated  to  be  3  1018cm~3. 
From  the  reflectivity  measurements  and  the  active  layer  thickness  the  gain  is  estimated  to 
be  $  200  cm'1.  The  laser  linear  characteristic  curve  was  always  observed:  the  differential 
quantum  efficiency  for  both  facets  (  slope)  varied  from  1  to  7%.  This  low  value  must  be 
attributed  to  the  lack  of  lateral  carrier  confinement  and  possibly  to  scattering  of  light 
by  mirror  imperfections. 

Laser  linewidth:  The  laser  emission  spectrum  was  measured  with  a  high  resolution  (0.20  X) 
THR  1000  Jobin-Yvon  spectrometer.  As  shown  on  Fig. 3  the  laser  linewidth  decreased  as  a 
function  of  laser  power  until  a  seemingly  constant  value  (1.8  X)  but  still  varying  as  a 
function  of  the  position  on  the  wafer.  We  analysed  this  value  with  the  help  of  the  Henry 
formula  [5]  for  quantum  limited  noise  in  semiconductor  lasers:  at  a  power  of  0.1  mW  one 
finds  a  linewidth  of  0.15  X.  This  value,  which  is  well  below  our  measured  value  at  this 
power  (2.5  X) ,  as  well  as  its  power  dependence,  indicates  that  one  must  search  for  other 
limiting  factors.  Pump  fluctuations  and  occupation  fluctuation  noise  [6]  can  be  excluded 
since  the  well  stabilized  pump  spectrum  stays  narrow  (0.75  A)  and  because  this  ultimate 
linewidth  depends  on  the  position  of  the  lasing  spot  on  the  wafer.  Possible  explanations 
include  carrier  diffusion  effects  [7],  or  the  formation  of  an  unstable  resonator  (resulting 
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from  transverse  refractive  index  variations  or  from  mirror  imperfections)  which  is  a  well- 
known  factor  introducing  a  broadening  of  the  quantum  fluctuations  [8].  Further  studies  are 
needed  to  fully  elucidate  the  origin  of  the  linewidth. 

Laser  polarization:  The  laser  polarization  has  been  measured  with  the  help  of  a  simple 
polarizer  (Gian  Thompson)  inserted  in  front  of  the  spectrometer.  We  searched  for  coherent 
effects  [9]  inside  the  active  medium  by  rotating  the  linear  pump  polarization,  but  it  was 
difficult  to  change  the  angle  of  polarization  without  introducing  a  slight  shift  of  the 
pumping  laser  spot  on  the  sample.  Due  to  the  layer  roughness,  significant  on  a  scale  of  0.1 

Cm,  the  laser  characteristics  may  have  changed  slightly  between  two  measurements.  However 
e  have  always  observed  that  the  laser  polarization  aligned  itself  along  the 
crystallographic  axes  of  the  crystal,  (110)  or  (1-10),  instead  of  the  pump  polarization 
axis.  This  result  agrees  with  the  findings  obtained  on  electrically-pumped  surface  lasers 
[10].  The  selection  of  polarization  is  due  to  small  anisotropies  creating  different  cavity 
losses  in  the  two  crystallographic  directions,  which  could  arise  intrinsically  like 
slightly  different  matrix  elements  or  extrinsically  like  oriented  defects  or  the  formation 
of  a  slight  wedge.  The  polarization  ratio  always  increased  with  the  pump  power,  the  maximum 
ratio  observed  was  3:1. 

Conclusions:  The  detailed  operation  characteristics  of  the  optically-pumped  GaAs  surface 
emitting  laser  with  integrated  Bragg  reflectors  have  been  reviewed.  Single  mode  output  has 
been  satisfactorily  obtained  cw  at  room  temperature.  The  linewidth  and  polarization 
measurements  both  confirmed  the  necessity  to  improve  the  interface  quality  and  to  have  a 
better  control  over  layer  thickness  fluctuations. 
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ABSTRACT 

A  high  power,  140  GHz,  cyclotron  autoresonance  maser  (or 
CARM)  amplifier  is  under  development  at  the  Plasma  Fu¬ 
sion  Center  at  M.I.T.  Theory,  simulations,  and  the  experi¬ 
mental  design  are  discussed.  The  experiment  will«employ  a 
high  voltage  (450  -  700  kV)  Pierce-type  beam  and  a  helical 
wiggler  to  produce  the  required  electron  beam.  The  initial 
experiment  will  be  carried  out  using  a  450  kV  electron  gun; 
the  second  phase  of  the  experimental  program  will  employ  a 
700  kV  electron  gun.  First  experimental  operation  is  antic¬ 
ipated  shortly.  The  details  of  the  experimental  design  and 
theoretical  analysis  will  be  presented. 

1.  INTRODUCTION 

The  cyclotron  autoresonance  maser  has  received  con¬ 
siderable  attention  in  the  past  several  years  as  a  promising 
alternative  to  the  free-electron  laser  and  the  gyrotron  for 
the  generation  of  high  power  radiation  in  the  millimeter  and 
sub-millimeter  wave  region  of  the  electromagnetic  spectrum. 
In  particular,  the  CARM  may  prove  to  be  a  promising  mil¬ 
limeter  wave  source  for  ECRH  of  fusion  plasmas  in  the  280 
-  560  GHz  frequency  range,  or  as  a  high  peak  power  17  -  35 
GHz  driver  for  the  next  generation  electron  linear  colliders. 
Considerable  progress  in  the  theory  [1,2]  and  simulation  [3,4] 
of  the  CARM  in  both  oscillator  and  amplifier  configurations 
has  been  achieved.  In  spite  of  the  considerable  amount  of 
theoretical  work  on  the  CARM,  few  experimental  devices 
have  been  built.  Two  oscillator  experiments  have  been  re¬ 
ported  [5,6],  and  a  35  GHz  superradient  CARM  has  also 
been  reported  [7]  (see  also  Bekefi,  et  al.,  this  digest). 

Currently,  a  140  GHz  CARM  amplifier  experiment  is 
under  development  at  the  Massachusetts  Institute  of  Tech¬ 
nology  (MIT).  It  will  employ  a  high  voltage  Pierce  gun  and 
will  include  a  helical  wiggler  region  that  will  produce  the 
required  perpendicular  velocity  on  the  electron  beam.  The 
CARM  will  be  designed  to  operate  in  either  the  TEi  i  or  the 
TE(2  mode,  as  will  be  discussed  later. 

2.  THEORY 

Our  theoretical  investigation  of  CARM  amplifiers  con¬ 
tains  several  parts.  Separate  one-  and  two-dimensional,  slow- 
time-scale  codes  for  modeling  the  CARM  amplifier  convec¬ 
tive  instability  are  employed  for  the  basic  design  of  the  M.I.T. 
CARM  amplifier  experiment.  A  Bers-Briggs  type  pinch  point 
analysis  of  the  CARM  dispersion  relation  has  yielded  stabil¬ 
ity  criteria  for  the  design  of  the  CARM  amplifier  [8]. 

The  CARM  interaction  occurs  when  electrons  undergo¬ 
ing  cyclotron  motion  in  an  axial  magnetic  field  (B  =  B  z) 
interact  with  an  electromagnetic  wave  (u>,  k)  with  wavevec- 
tor  nearly  parallel  to  the  axial  field  B.  The  resonance  con¬ 
dition  is  then  w  —  k  •  v  =  sfle,  where  j  is  the  harmonic 
number  and  flc  is  the  relativistic  cyclotron  frequency  de¬ 
fined  by  flc  =  Uco/'t  =  eB/fmc.  The  well-known  resonance 
condition  for  the  CARM  is  thus  „n 

_ £**co _ 

7(1  —  P\\/Pph), 


where  7  and  /3|]  are  the  electron  energy  and  velocity  in  the 
2  direction.  The  wave  phase  velocity  is  given  by  /?„/,  = 
Vph/c  =  fc/fc||.  As  is  apparent  from  the  resonance  condition, 
the  CARM  is  capable  of  operation  at  a  large  Doppler  upshift 
from  the  cyclotron  frequency  (in  contrast  to  the  gyrotron). 
For  7J  »  l,Pxo  ~  I/7 o,Pph  ~  1,  and  /3(|0  «  1,  there  is  a 
frequency  upshift  from  the  relativistic  cyclotron  frequency. 
For  this  reason,  the  CARM  is  also  referred  to  as  a  Doppler- 
shifted  cyclotron  resonance  maser.  In  this  paper  we  consider 
only  CARM  operation  at  the  fundamental  of  the  cyclotron 
frequency  (s  =  1). 

Using  a  two-dimensional  code  discussed  elsewhere  [9], 
detailed  simulations  of  a  140  GHz  CARM  amplifier  have 
been  carried  out.  The  baseline  design  parameters  for  the  450 
kV  M.I.T.  CARM  experiment  are  outlined  in  Table  1.  Sim¬ 
ulation  results  for  the  parameters  in  Table  1  are  presented  in 
Fig.  1  for  three  different  current  values.  The  efficiency  (rj) 
is  plotted  as  a  function  of  the  standard  deviation  in  p||.  The 
energy  spread  has  been  taken  to  be  effectively  zero,  and  thus 
0/311  0p||/7-  The  well  known  sensitivity  of  the  CARM  to 

velocity  spread  is  apparent.  Nevertheless,  for  <Tp\\IP\\  £  2%, 
the  efficiency  remains  reasonable  for  a  high  power  amplifier. 


Table  1 

450  kV  CARM  Amplifier 
Baseline  Design 


Parameter 

Design  Value 

7 

1.88 

Al/7?ii 

0.3  -  0.5 

1 

10  -  50  A 

V 

140  GHz 

PlNPUT 

50  W  /  10  kW 

Mode 

TEU 

0ph 

1.02-  1.06 

A  700  kV  CARM  amplifier  experiment  is  also  planned, 
with  design  parameters  similar  to  the  450  kV  design.  Effi¬ 
ciency  and  sensitivity  to  velocity  spread  are  comparable  to 
the  450  kV  case,  but  higher  voltage  operation  is  more  stable 
for  equivalent  beam  power.  For  a  700  kV  beam,  the  nonlin¬ 
ear  3  dB  bandwidth  is  approximately  10%. 

Analysis  of  absolute  instabilities  in  the  CARM  ampli¬ 
fier  have  been  carried  out  using  a  Bers-Briggs  pinch-point 
analysis  [8].  This  analysis  has  yielded  conditions  for  ampli¬ 
fier  stability  in  infinite  systems  in  the  absence  of  reflections. 
A  second  treatment  of  the  stability  of  the  CARM  ampli¬ 
fier  is  by  numerical  calculation  of  the  starting  current  for  a 
backward-wave  oscillator  solution  on  the  same  beam.  Such 
an  analysis  can  incorporate  finite  length  and  wave  mismatch 
effects.  Results  will  be  presented. 
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Pig.  1  CARM  amplifier  efficiency-  (r;)  versus  ap\\  for  a  450  kV 
beam  with  currents  of  10,  25,  and  50  A,  0vh  =  1.04, .  md 
=  0.5. 

3.  EXPERIMENTAL  DESIGN 

The  two-dimensional  model  [9]  and  the  stability  anal¬ 
ysis  presented  in  reference  [8]  are  being  used  to  design  the 
140  GHz  CARM  amplifier  experiment  planned  at  MIT,  a 
schematic  of  which  is  shown  in  Fig.  2.  Operation  in  both 
the  TEii  and  TEj2  modes  is  being  considered  at  present, 
although  it  appears  that  operation  in  the  TEu  mode  will  be 
less  problematic.  Although  the  TB12  mode  yields  no  TEj2 
absolute  instability  for  the  parameters  under  consideration, 
the  beam  is  unstable  in  the  TEu  mode.  If  this  absolute  in¬ 
stability  cannot  be  suppressed,  then  operation  in  the  TEn 
mode  is  the  only  alternative.  The  first  experiments  planned 
will  operate  in  the  TEu- 

The  electron  beam  will  be  formed  by  a  combination  of  a 
Pierce  gun  and  a  helical  wiggler.  Such  guns  are  known  collo¬ 
quially  as  helix  (H-)  guns  or  Picrce-Wiggler  guns.  The  first 
experiments  will  be  carried  out  using  a  5045  SLAC  klystron 
gun  and  a  dc  bifilar  helical  wiggler  for  production  of  Hie 
beam.  The  principle  advantages  of  this  type  of  helical  beam 
formation  compared  with  MIG  type  electron  guns  arc  ils  l*m 
cost,  interchangeability,  and  variable  0x10 1|  capability.  The 
450  kV  experiment  will  utilize  a  wiggler  of  7  cm  periodicity 
and  an  axial  guide  field  of  2.5  kG  to  produce  the  required 
0X  on  the  beam. 

A  superconducting  magnet  with  two  independently  vari¬ 
able  magnetic  field  regions  is  being  constructed  for  the  CARM 
experiment.  The  first  magnetic  field  region  will  be  variable 
from  2  -  6  kG,  and  will  contain  the  helical  wiggler  for  pro¬ 
duction  of  0x  on  the  electron  beam.  The  beam  will  then 
be  compressed  into  the  high-field  (2  -  6  T)  region,  where 
the  CARM  amplifier  interaction  circuit  will  be  located.  The 
lengths  of  the  two  field  regions  in  the  magnet  are  50  cm  and 
60  cm,  respectively.  The  magnet  will  have  the  capability 
of  magnetic  field  tapering  in  the  interaction  region  for  the 
purpose  of  efficiency  enhancement  (3). 

Two  different  drivers  are  available  for  the  amplifier  ex¬ 
periments:  a  Varian  140  GHz  extended  interaction  oscillator, 
which  is  capable  of  delivering  300  W  at  its  output,  and  a  140 
GHz  gyrotron,  capable  of  delivering  10  kW.  Both  quasiopti- 
cal  launchers  and  hole-coupled  launchers  are  under  consid¬ 
eration. 


140  GHz  CARM  AMPLIFIER 
SCHEMATIC 


Pig.  2  Schematic  of  CARM  amplifier  experiment. 


4.  CONCLUSIONS 

A  140  GHz  CARM  amplifier  experiment  is  presently 
under  design  at  M.I.T.,  and  first  results  are  expected  in  early 
1989.  Theoretical  analysis  of  CARM  amplifiers  indicate  that 
they  are  attractive  sources  for  high  power  millimeter  wave 
applications. 
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ABSTRACT 

The  design  of  a  10-20  MW,  40  nsec  cyclotron  auto-resonance 
maser  experiment  is  presented.  The  basic  components  of  the  CARM 
are  a  novel  600  kV,  200  A.  field  emission  gun  and  a  "whispering 
gallery"  mode  rippled  wall  cavity. 

INTRODUCTION 

High  power  millimeter  waves  have  many  important 
applications.  For  example,  millimeter  wave  radar  systems  have 
higher  gain  and  target  resolution  than  will  lower  frequency  radars 
for  a  given  antenna  aperture.  Electron  cyclotron  heating  of  fusion 
plasmas  will  require  high  frequency  radiation  when  strong  magnetic 
fields  are  used  to  confine  the  plasma1. 

The  cyclotron  auto-resonance  maser  (CARM)  is  a  promising 
source  of  high  power  radiation  in  the  100  GHz  to  500  GHz 
frequency  range  that  may  impact  the  requirements  of  advanced 
systems  for  applies-  .  such  as  those 'mentioned  above.  The 
requirements  for  guide  l.  ugnetic  field  strength  and  electron  energy  in 
a  CARM  may  be  advantageous  when  compared  with  competing 
devices.  Compared  with  a  gyrotron,  the  required  magnetic  field 
strength  requirement  is  substantially  reduced.  For  example,  a 
planned  experiment  at  the  Naval  Research  Laboratory  will  produce 
powers  in  excess  of  10  MW  at  100  GHz  with  a  magnetic  field  of 
only  25  kG,  while  a  fundamental  harmonic  gyrotron  operating  at 
100  GHz  with  a  600  kV  beam  requires  a  magnetic  field  of  over  70 
kG.  Compared  with  a  Free-Electron-Laser  (FEL),  only  moderate 
voltages  are  required  for  the  CARM  at  millimeter  and  submillimeter 
wavelengths;  the  NRL  experiment  will  use  a  600  kV,  200  A. 
electron  beam.  Finally,  the  CARM  is  efficient;  computer 
simulations  indicate  that  the  device  will  operate  at  efficiencies  greater 
than  20%. 

T*'“.  CARM  oscillator,  like  the  gyrotron  oscillator,  is  a 
cyclotron  maser.  In  contrast  to  the  gyrotron,  which  requires  an 
electron  beam  with  a  high  pitch  angle,  the  CARM  has  an  electron 
beam  with  a  moderate  pitch  angle  and  a  substantial  amount  of  axial 
momentum.  The  CARM  benefits  from  the  doppler  upshift  provided 
by  the  axial  velocity  of  the  beam;  the  operating  frequency  of  the 
CARM  is  approximately  yfc,  where  fc  is  the  nonrelativistic  cyclotron 
frequency  associated  with  the  axial  magnetic  field,  and  y  is  the  usual 
relativistic  factor. 

Currently,  a  100  GHz  CARM  oscillator  is  under  development  at  the 
Naval  Research  Laboratory  (NRL).  The  600  kilovolt,  200  ampere 
beam  is  provided  by  a  Marx  bank-Blumlein  configuration  (the 
TRITON  machine).  The  magnetic  field  is  provided  by  a  pulsed 
solenoid  and  can  be  varied  up  to  a  field  strength  of  30  kilogauss. 
The  predicted  power  of  the  CARM  is  20  megawatts,  with  an 
operating  efficiency  of  25%  in  the  TE^i  mode. 


The  chief  components  of  a  CARM,  besides  a  strong  magnet, 
are  the  electron  gun  and  the  microwave  cavity.  The  nature  of  the 
CARM  interaction  results  in  much  more  stringent  requirements  on 
both  of  these  components  than  there  are  for  the  gyrotron;  the  beam 
for  the  CARM  must  meet  roughly  the  same  requirements  as  must  the 
beam  for  a  Free  Electron  Laser  (FEL)2. 


HAL  SOO  OKZ  CARM  OCCUATOR  IXffARMMT 


Figure  1.  Schematic  of  the  CARM  oscillator  experiment 
THE  CARM  ELECTRON  GUN 

In  order  that  the  efficiency  of  the  CARM  be  high,  the  electron 
beam  must  have  a  small  velocity  spread.  For  the  current  experiment 
the  spread  in  axial  velocity  of  the  electron  beam  must  be  less  than 
3%.  To  interact  effectively  with  the  whispering  gallery  modes,  the 
beam  must  be  concentrated  near  the  walls  of  the  cavity.  The  ratio  of 
beam  transverse  momentum  to  beam  axial  momentum  is  0.6 

The  electron  gun  designed  to  match  these  criteria  has  been 
designed.  In  order  to  match  the  power  supply  for  the  experiment  a 
field  emission  diode  is  used.  The  rough  electrode  shapes  were 
determined  using  an  electrode  synthesis  code  developed  by  Finn, 
Fliflet,  and  Manheimer3.  These  shapes  were  then  entered  into  the 
SLAC  electron  trajectory  code4,  a  ray  tracing  code  commonly  used 
in  the  design  of  electron  guns.  The  cathode-anode  shape  provides  a 
nearly  cold  electron  beam  with  an  axial  velocity  spread  that  can  be 
controlled  by  small  changes  in  the  anode  shape. 

A  magnetic  ’dip'  is  used  to  provide  the  required  beam 
transverse  momentum5.  The  spatial  variation  of  the  magnetic  field  is 
fast  enough  to  be  nonadiabatic;  therefore  the  beam  picks  up 
transverse  momentum  as  it  traverses  the  'dip'.  The  reduction  of  the 
field  is  approximately  50%  and  occurs  with  a  scale  length  of  1.5  cm. 
This  dip,  coupled  with  magnetic  compression,  produces  an  electron 
beam  strength  of  the  'dip'),  and  a  velocity  spread  of  less  than  2%. 
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An  absolutely-calibrated  Rogowski  coil  is  used  to  measure  the 
total  beam  current.  In  addition,  we  use  a  witness  plate  to  provide 
beam  location  and  to  detect  density  variations  on  the  beam.  This 
witness  plate  aids  in  the  alignment  of  the  magnetic  fields.  Another 
beam  diagnostic  is  a  current  probe  that  can  measure  the  current  in 
selected  spatial  areas  of  the  beam.  We  have  designed  a  diagnostic 
which  will  allow  only  a  small  portion  of  the  beam  to  propagate 
through  to  a  witness  plate.  By  measuring  the  spot  size  on  the 
witness  plate  as  a  function  of  distance  from  the  mask,  we  will  be 
able  to  determine  the  energy  ratio. 


THE  CARM  CAVITY 

Because  the  CARM  is  a  device  that  depends  on  a  convective 
instability,  the  oscillator  operation  must  take  place  in  a  cavity  that 
provides  feedback  of  the  radiation  onto  the  electron  beam.  For 
typical  CARM  operation,  the  resonator  reflectors  must  provide  high 
reflectivity  for  modes  that  are  far  from  cutoff.  Furthermore,  mode 
selectivity  is  desirable,  preferably  with  discrimination  between 
modes  differing  in  either  transverse  or  axial  structure.  In  addition, 
modes  that  are  near  cutoff  must  be  suppressed  in  order  to  minimize 
competition  from  the  gyrotron  interaction.  Finally,  the  CARM 
cavity  must  allow  unrestricted  passage  of  an  electron  beam  parallel 
to  the  axis. 

A  suitable  realization  of  CARM  resonator  reflectors  may  be 
achieved  by  using  a  small  periodic  corrugation  of  the  waveguide 
surface.  Each  ripple  provides  a  small  reflection  of  wave  amplitude. 
If  the  corrugation  period  is  such  that  the  radiation  reflected  from 
each  of  the  corrugations  adds  in  phase,  the  corrugated  section  can  be 
highly  reflective  and  is  known  as  a  Bragg  reflector. 

For  the  NRL  CARM,  a  TEgi  Bragg  cavity  was  designed6. 
The  cavity  is  12  cm.  long,  1.6  cm.  in  diameter,  with  ripple  depths 
of  approximately  0.15  mm.  The  upstream  ripple  is  longer  than  the 
downstream  ripple;  this  restricts  the  energy  losses  to  the  proper 
direction.  The  cavity  is  constructed  using  precision  electroforming 
techniques,  in  order  that  the  necessary  tolerances  can  be  met. 

The  important  microwave  radiation  parameters  are  the 
frequency,  the  power,  and  the  operating  mode.  The  frequency  of 
operation  is  expected  to  be  100  GHz,  the  mode  is  predicted  to  be  the 
TEfii,  and  the  power  in  excess  of  10  MW. 

Preliminary  mode  determination  efforts  will  be  primarily  the 
measurement  of  radiation  mode  patterns  in  a  gas  breakdown  cell. 
Breakdown  techniques  have  been  successfully  by  Gold  et  al.  at 
NRL.5  When  viewed  looking  back  into  the  output  waveguide,  the 
breakdown  light  pattern  photographed  reveals  the  transverse  mode 
structure  of  the  radiation,  and  hence  the  mode.  When  viewed 
transverse  to  the  output  waveguide,  the  standing  wave  pattern 
provides  an  estimate  of  the  wavelength  of  the  radiation,  and  hence 


the  frequency.  A  more  precise  measure  of  the  oscillating  frequency 
will  be  obtained  with  a  grating  spectrometer  and  with  waveguide 
filters. 

The  duration  of  the  pulse  and  the  power  of  the  radiation  will  be 
determined  by  using  a  calibrated  crystal  detector  along  with  a  series 
of  calibrated  attenuators  and  couplers.  Detector  output  is  recorded 
on  a  high  speed  digital  oscilloscope. 


CONCLUSIONS 

A  10-20  MW,  40  nsec  CARM  has  been  designed  at  NRL. 

The  design  consists  of  a  novel  electron  gun  and  electron  beam 

diagnostics,  a  TE6i  Bragg  resonator,  and  various  microwave 

diagnostics.  The  electron  gun  is  undergoing  testing. 
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ABSTRACT 

Theory  and  experimental  design  of  a  2  MW,  560  GHz  CARM  as 
well  as  a  1  MW,  90-140  GHz,  400  kV  proof  of  principle  experiment 
will  be  presented. 

INTRODUCTION 

ECRH  has  proven  to  be  a  successful  method  to  heat  magnetically 
confined  fusion  plasmas.  Second  harmonic  EC  heating  in  the  future 
100  kG  CIT  tokamak  will  require  a  multi-MW  cw  source  at  560  GHz. 
The  gyrotron  is  not  appropriate  here  due  to  the  requisite  high  magnetic 
fields  and  extreme  wall  loading.  This  naturally  leads  to  the  interest  in 
the  cyclotron  autoresonance  maser  (CARM). 

A  CARM  amplifier  is  similar  to  a  gyro-TWT  but  operated  far 
above  cutoff,  making  high  power  operation  possible,  since  the 
attenuation  is  low.  For  p,*  a  co/ckz  =  1,  gyrating  electrons  remain  in 
synchronism  with  the  wave  even  as  they  lose  energy,  allowing 
complete  energy  transfer  to  the  wave  and  resulting  in  the  potential  for 
high  efficiency,  which  is  proportional  to  (1-pj*)"1.  The  large  axial 
velocity  also  allows  a  large  Doppler  upshift  of  the  output  frequency, 
permitting  the  requisite  magnetic  field  to  be  considerably  reduced. 

THEORY 

Figure  1  shows  the  intersections  of  the  cyclotron  resonance  line 
with  the  waveguide  mode  for  three  situations,  a  relativistic  gyro-TWT, 
a  stable  CARM  and  an  unstable  CARM.  The  particle  wave  interaction 
is  strongest  in  a  gyro-TWT,  because  the  resonance  line  is  tangent  to 
the  electromagnetic  mode,  and  thus  the  axial  velocity  of  the  beam  is 
equal  to  the  group  velocity  of  the  wave.  As  the  magnetic  field  is 
increased  above  Bg,  which  gives  this  grazing  condition,  the  device  is 
stable  until  it  reaches  some  highest  magnetic  field,  B01C,  beyond  which 
oscillation  due  to  an  absolute  instability  occurs.  Figure  2  shows  a  50% 
range  of  stable  magnetic  field  exists  for  a  beam  of  a  =  0.5  interacting 
with  the  TEu  mode  of  cylindrical  waveguide.  In  the  stable  range,  the 
upper  intersection  excites  a  wave  with  a  larger  Pph  than  for  the  grazing 
condition  and  thus  higher  efficiency  can  be  expected. 

The  available  range  of  frequency  upshift  over  the  cutoff,  (oc,  for 
the  stable  operating  region  of  Fig.  2  appears  in  Fig.  3.  The  upshift  for 
the  gyro-TWT  case,  B  =  Bg,  is  (0/0)c  =  y,.  The  maximum  stable 
upshift  is  approximately  four. 

Figure  4  plots  the  linear  gain  in  one  free  space  cutoff  wavelength 
(K  =  2ncl(0<)  as  a  function  of  the  beam  current.  As  expected,  the 
gyro-TWT's  grazing  intersection  yields  a  stronger  interaction  than  the 
CARM  near  the  oscillation  threshold.  However,  the  growth  rate  of  the 
gyro-TWT  is  roughly  only  25  %  larger,  while  the  efficiency  of  the 
CARM  is  enhanced  by  more  than  50  %  from  that  of  the  gyro-TWT, 
as  can  be  seen  from  Fug.  5. 

EXPERIMENTAL  DESIGN 

The  design  of  the  2  MW,  560  GHz  TE^  CARM  has  been 
previously  presented  (1>.  Although  the  waveguide’s  lowest  order 
mode,  TEu,  unfortunately  is  not  appropriate  for  high  power 
generation,  the  TEqi  mode  yields  an  acceptable  level  of  dissipation. 


At  3  MW,  the  wall  loading  is  2.5  kW/cm2.  One  may  suppress  the 
lower  order  modes  by  using  a  helical  waveguide,  a  washer-stack 
waveguide,  etc.  As  in  any  high  k,  traveling  wave  interaction,  the 
CARM  requires  a  high  quality  electron  beam  for  efficient  wave 
generation.  The  axial  velocity  spread  should  be  less  than  2  %(2).  A 
magnetron  injection  gun  will  serve  as  the  beam  source.  The  numerical 
design  of  the  gun  using  an  electron  gun  code  is  currently  underway 
with  the  proposed  parameters  listed  in  Table  1. 

Studies  have  shown  that  an  alternate  choice  is  also  possible.  The 
almost  perfectly  linearly  polarized  HEn  hybrid  mode  can  propagate  in 
a  circumferentially  corrugated  guide  of  quarter-wavelength  corrugation 
depth  with  an  attenuation  substantially  lower  than  that  of  any  other 
mode,  even  lower  than  that  of  the  TEo,  mode  in  smooth-walled 
circular  waveguide  of  comparable  size.  The  low  attenuation  of  the 
HEn  mode  is  clearly  exhibited  in  Fig.  6  for  the  case  of  ka  =  13.55 
and  a/b  =  0.894  which  yields  a  quarter-wavelength  corrugation  depth 
at  frequency  560  GHz.  In  addition  to  the  low  dissipation,  the  HE), 
mode  can  efficiently  couple  power  into  a  Gaussian  beam  for  launching 
the  wave  into  the  plasma  due  to  the  fact  that  the  field  distribution  of 
the  HEn  mode  is  very  close  to  that  of  an  ideal  TEMoo  mode.  The 
dispersion  of  the  corrugated  waveguide  is  shown  in  Fig.  7.  Techniques 
of  discriminatively  suppressing  the  iower  order  modes  must  be 
developed  to  minimize  the  effects  of  absolute  instabilities  from  the 
lower  order  modes.  The  electron  gun  geometry  most  appropriate  for 
this  mode  is  a  combination  of  a  Pierce  gun  and  a  gyro-resonant 
undulator. 

PROOF  OF  PRINCIPLE  EXPERIMENT 

In  order  to  separate  the  physics  issues  from  the  engineering  issues, 
we  have  scaled  the  experiment  to  a  lower  frequency  and  voltage  and 
propose  a  proof  of  principle  CARM  as  described  in  Table  2. 

The  operating  waveguide  mode  is  the  lowest  order  mode,  the  TEu, 
with  a  cutoff  frequency  of  60  GHz.  The  grazing  condition  for  the 
gyro-TWT  occurs  at  a  frequency  of  90  GHz  and  Bg  =  25.7  kG.  At  30 
kG  the  CARM  will  amplify  140  GHz.  A  specially  designed  coupler 
will  be  used  to  couple  rf  power  into  the  tube. 

Since  the  electric  fields  of  the  TEu  mode  peak  on  axis,  a  pencil 
beam  will  be  launched  by  a  400  kV  Pierce  gun  from  the  SLAC  5045 
high  power  klystron,  with  an  axial  velocity  spread  of  less  than  1%, 
and  passing  through  a  gyro-resonant  undulator  with  an  undulator 
period,  /,  such  that  the  axial  velocity,  v,  =  /fic  /  2k.  At  400  kV,  the 
gun  emits  500  A,  but  only  the  inner  2  %  of  the  beam  will  be  used. 

The  electron  beam  from  the  8.9  cm  diameter  cathode  will  be 
squeezed  to  a  2.4  cm  diameter  at  the  gun  exit  with  a  magnetic 
compression  30  over  this  region.  The  undulator  should  be  positioned 
in  the  weakest  magnetic  field  possible  to  minimize  the  velocity  spread 
caused  by  the  inhomogcncity  of  the  pump  field.  A  further  10-20  fold 
compression  occurs  before  the  beam  enters  the  CARM  interaction 
tube.  Efficiency  enhancement will  be  attempted  with  a  13  %  taper 
gradient  coil. 

For  this  proof  of  principle  experiment  we  have  built  a  45  kV 
modulator,  obtained  a  800  kV  20:1/40:1  dual  purpose  step-up 
transformer,  a  65  kG,  0.4  m  long  (±  0.1%)  and  a  6  kG,  0.5  m  long 
(±0.1%)  superconducting  solenoid.  Our  mm-wavc  center’s  94  GHz 
and  140  GHz  25  W  cw  EIOs  arc  to  be  used  as  the  signal  input. 
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CONCLUSION 

The  stability,  reduced  magnetic  field  requirement,  high  efficiency 
and  wall  loading  of  the  CARM  have  been  discussed.  The  major 
development  tasks  have  been  identified.  Also,  the  design  of  a  proof 
principle  experiment  to  test  the  fundamental  properties  of  the  CARM 
has  been  presented. 

ACKNOWLEDGEMENTS 

This  work  was  supported  by  AFOSR  under  Grant  No.  86-0199, 
NRL  under  Contract  No.  N00014-87-K-2032  and  ATRI  under 
Contract  No.  F30602-87-C-0201. 

REFERENCES 


1.  A.T.  Lin,  et  al.,  "Cyclotron  Autoresonant  Maser  (CARM)  EC 
Heating  Source  for  High  Field  Tokamaks",  Proc.  of  the  1987  Int. 
Conf.  IR  and  mm-Waves. 

2.  A.T.  Lin,  W.W.  Chang  and  C.C.  Lin,  Phys.  Fluids  27  , 
1054(1984). 

3.  C.S.  Kou,  et  al.,  "Design  of  a  100  kW  TEu  Gyro-TWT",  Proc.  of 
the  1988  Int.  Conf.  IR  and  mm-Wavcs. 

4.  K.D.  Pendergast,  et  al.,  IEEE  Trans.  Plasma  Sci.  16 , 122(1988) 


abiofutt 


Figure  1  Intersection  of  waveguide  mode  with  cyclotron  resonance 
lines  for  gyro-TWT,  stable  CARM  and  unstable  CARM. 
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Fig.  2 


lb(A) 
Fig.  3 


Figure  3  Range  of  normalized  frequency  corresponding  to  stable  region 
of  Fig.  2. 


Figure  2  Dependence  of  stable  range  of  normalized  magnetic  field  on 
beam  current. 


Figure  4  Range  of  growth  rate  corresponding  to  stable  region  of  Fig.  2. 
Figure  5  Range  of  efficiency  corresponding  to  stable  region  of  Fig.  2. 


Figure  6  Dependence  of  attenuation  in  corrugated  guide  on  normalized 
frequency. 


Figure  7  Dispersion  of  the  corrugated  waveguide. 


TABLE  1 

TABLE  2 

MIG  Parameters 

Proof  of  Principle 

Caihodc  Radios 

044 

cm 

Electron  Energy 

400 

kcV 

Emitter  Strip  Width 

2.7 

cm 

Beam  Oinrtnt 

10 

A 

Mod  Anode-Cathode  Gap 

0,76 

cm 

Beam  Radius 

005 

cm 

Mod  Anode  Voltage 

235 

kV 

a 

0.5 

Cathode  Magnetic  Field 

1.7 

kG 

Magnetic  Field  (Cathode) 

90 

G 

Cathode  Angle 

4.7* 

Magnetic  Field  (Wiggkr) 

2.7 

kG 

Emission  Current  Density 

5.4 

A/cm2 

Magnetic  field  (CARM) 

30 

kG 

Emission  Current  Density  Normalized 

Frequency 

140 

GHz 

to  Limiting  Current  Density 

0.15 

Waveguide  Mode 

TEj, 

Waveguide  Radius 

0.15 

cm 

B/B, 

1.17 

Ci)/ti)t 

2.3 
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0PT1CAI.  GUIDING  IN  THE  CYCLOTRON  AUTORESONANCK  MASER 
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University  of  Maryland 
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ABSTRACT 

The  effect  of  the  electron  beam  on  the 
Propagation  of  a  three-dimensional  radiation  beam 
in  a  cyclotron  autoresonance  maser  (CARM)  amplifier 
is  investigated  numerically.  In  the  exponential 
gain  regime,  it  is  shown  that  the  natural  tendency 
of  the  radiation  beam  to  snread  dlff ractlvely  is 
overcome  and  the  radiation  beam  is  focused  due  to 
the  interaction  with  the  electron  beam.  The  nature 
of  the  focusing  is  fojnd  to  depend  on  the  relative 
magnitude  of  the  Doppler-shifted  wave  frequency. 

Op  2  c  —  kjVj,  and  the  relativistic  gvrof requency , 
ft.  The  radiation  beam  can  be  transported  without 
defocusing  following  saturation  only  if  un  is 
slightly  larger  than  ft.  Efficiencies  in  excess  of 
50%  can  be  attained  through  the  use  of  a  tapered 
magnetic  field. 


INTRODUCTION 

An  electromagnetic  wave  can  be  amplified  by 
interaction  with  an  electron  beam  which  is  injected 
along  an  applied  magnetic  field  when  there  is  a 
resonance  between  the  electron's  cyclotron  motion 
and  the  Doppler-shifted  wave  frequency.  In  a  CARM 
the  electron  beam  is  injected  along  the  direction 
of  wave  propagation  and  the 2 Interaction  frequency 
is  DopDleryupshif  ted  to  oi  ~  y  ft,  where  y  = 

(1  -  Sj)  >  SI  =  ftQ/y  and  ftQ  =  eB»/mc  is  the 
nonrelativistlc  gyrof requency .  In  some  frequency 
ranges,  the  CARM  has  an  advantage  over  the  free 
electron  laser  (PEL)  for  moderate  energy  electron 
beams  because  it  is  difficult  to  create  a  magnetic 
field  with  a  small  wiggler  period.  The  radiation 
beam  in  an  FF.L  can  be  focused,  and  this  has  been  an 
important  point  in  favor  of  the  FEL.  However, 
since  the  wave  and  the  electron  beam  are  co- 
propagatlng  in  a  CARM,  it  may  also  be  possible  to 
focus  the  radiation  beam  in  a  CARM. 

EQUATIONS 

Consider  a  CARM  in  cylindrical  coordinates 
(r,0,z)  with  the  electron  beam  propagating  in  the 
z-directlon  along  the  applied  magnetic  field.  Our 
analysis  proceeds  from  the  wave  equation  for  the 
vector  potential  A^  of  a  j  right-hand  circularly 
polarized  wave,  A^frjZjt)  =  A(r,z)  x 

explifk^z  -  ut))(y  -  ix)  +  c.c.,  where  the  complex 
amplitude  A(r,z)  is  assumed  to  vary  slowly  in  z, 
|(k?A)  dA/dz|  «  1,  the  frequency  w  =  k  c, 
and' c.c.  denotes  the  complex  conlugate.'  The  wave 
equation  is  conveniently  solved  by  the  use  of  a 
source-dependent  modal  expansion  (1)  for  Che 
normalized  vector  potential  a(r,z)  ■=  eA/mc  .  In 
the  source-dependent  expansion,  the  structure  of 
the  current  source  is  incorporated  into  Che 
func’ lonal  dependence  of  the  radiation  spot  size 
r^fz-  and  the  wave  front  curvature  a(z),  as  well  as 
in  the  comnlex  amplitude.  The  advantage  of  the 


source-dependent  expansion  over  an  expansion  in 
the  vacuum  modes  is  that  far  fewer  inodes  are  needed 
to  accurately  describe  the  radiation.  Due  to  the 
source-dependent  nature  of  the  expansion,  the 
lowest  order  fundamental  mode,  a(r,z)  =  a_(z)  x 
exp{-[ i-ia(z) ]r  /r  (z)},  provides  a  good  approxi¬ 
mation  to  the  evolution  of  the  radiation. 
Equations  of  evolution  for  Sq,  rg,  and  a  can  be 
obtained  by  inserting  this  expression  for  a(r,z) 
into  the  wave  equation.  In  the  source-dependent 
technique  [1),  rg(z)  and  a(z)  are  chosen  to  obey 
the  equations  (2) 


dz 


4v8. 


k  r 
z  s 


z0 

Vs  hi1 


H(z)<-i  cosi|i>  ,  (1) 

P, 


dz 


,  2 
k  r 
z  s 


(1  +  a  )  +  ■ 


8vB. 


zO 


8, 


k  r  |an| 
„  z  s1  O' 
8, 

-  a  <~  cosij>>] 


H(z)  [<-i-  sinf> 
^z 


(2) 


where  <  >  denotes  an  average  over  the  electrons, 
the  total  phase  41  is  the  sum  of  the  particle  phase 
and  the  wave  phase,  and  H(z)  =  (l-f)/(l+f)2  with 
f  =  (r^/Cg)  .  *n  deriving  Eqs.  (1)  and  (2)  we  have 
taken  the  radial  electron  density  to  be  Gaussian, 
n(r)  =  n(0)exp[-(r/r, )2] .  The  quantity  v  = 


2  2  2  2 

oi  (0)r,  /4c  is  Budker's  parameter  with  a  (0)  = 

P  b  p 

2 

4nn(0)e  /m.  The  structure  of  the  current  has  been 
incorporated  into  rg  and  a  through  the  terms 
proportional  to  v.  Writing  the  amplitude  ajj(z)  = 
|a0(z) |exp[iy(z)] ,  we  find  the  following  equations 
for  | Sq( z) I  and  y(z): 


d 

dz  x 


a|aJ  + 


8v8. 


zO 


2  “‘  O’  .  2,  ...... 2 

Vs  Vslaol(1+f)  8 


J  <—  C0Sl])>  , 


(3) 


8vB 


zO 


Vs  Vslaol<1+f>4 


8, 

2  <~  siniji>  .  (4) 


Equations  which  describe  Che  self-consistent 
evolution  of  Che  electron  momenta  U  =  yg  and 
Uz  =  yB  ,  and  the  phase  4.  are  obtained 1  from  Che 
Lorentz  force  law  (2). 


COMPUTATIONAL  RESULTS 


We  find  that  the  behavior  of  the  radiation 
beam  depends  on  two  important  parameters:  the 

frequency  detuning  parameter,  Aw/w  =  1-6  -(ft0/yu), 
which  measures  the  difference  between  &e  Doppler- 
shifted  wave  frequency  _and  the  gyrof requency,  and 
the  lnjjlex  of  refraction  n  =  (c/u)(kz  +  dy/dz)  = 

1  +  kz  dy/dz.  The  wave  is  in  resonance  with  the 
electrons  and  gains  energy  when 

u  -  (kz  +  dy/dz)vz  =  ftQ/y.  Therefore,  In  order 
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that  the  wave  be  resonant  with  the  electrons,  the 
wave  phase  x  must  change  to  compensate  for  the 
frequency  detuning  such  that  dy/dz  =  \AM/u)(k  /g^). 
When  Aid  >  0,  dy/dz  >  0  and  the  phase  velocity  of 
the  wave  decreases  so  as  to  maintain  resonance  and 
the  Index  of  refraction  n  >  1.  Conversely, 
when  Ao  <  Oj^  dy/dz  <  0  and  the  phase  velocity 
increases  (n  <  1)  to  maintain  resonance. 

In  Fig.  1  we  show  the  results  of  a  simulation 
for  a  CARM  amplifier  with  a  po|lcive  frequency 
detuning  parameter  Au/ia  =  5  x  10  (u/Oq  =  3.7]  and 
with  parameters  Yq  =  4,  B,q/8  q  =  *3,  electron  beam 
radius  ru/rs(0)  =  .5,  beam  5ens^ty  v  =  0.1,  and  a 
wavelengtn  given  by  k  zR  =  1  x  10  where  zR  = 

(l/2)k  r  (0)  is  the  Rayleigh  length.  The  solid 
curve  ^nS  Fig.  la  is  a  plot  of  the  axial  dependence 
of  the  efficiency  n  with  which  the  electrons 
transfer  their  energy  to  the  wave,  where  q(z)  = 
|<Ay(z)>|/(y0-D  with  <Ay(z)>  being  the  average 
over  the  beam  electrons  of  the  change  in  y  from  its 
initial  value  Yq»  In  this  simulation,  the  magnetic 
field  was  linearly  tapered  between  z  =  11  zR  and 
z  =  21  zR,  its  magnitude  increasing  by  a  total  of 
AB/B  =  30%  in  this  interval.  The  electron  beam 
transfers  50%  of  its  energy  to  the  wave.  In 
contrast,  in  the  absence  of  magnetic  field  tapering 
the  efficiency  is  only  one  or  two  percent.  The 
solid  curve  in  Fig.  lb  shows  the  variation  in  the 
normalized  spotsize  r  (z)  =  r  (z)/r  (0)  along  the 
axis  of  the  amplified.  Thl  radiation  beam  is 
focused  by  its  interaction  with  the  electron  beam. 

By  way  of  comparison,  the  diffractive  spreading  of 
the  radiation  beam  in  a  vacuum,  obtained  from  F.qs. 
(1)  and  (2)_with  v  =  0,  is  given  by  r  (z)  = 

[1  +  (z/z_)  ]  '  =  z/zR  for  z  »  zR.  For  simula¬ 

tions  with  Am  <  0,  the  index  of  refraction  is  less 
than  one,  but  the  radiation  beam  is  still  focused 
in  the  exponential  gain  regime  due  to  the  growth  of 
the  wave  [2].  However,  following  saturation  the 
radiation  beam  defocuses  and  spreads  dlff ractively. 

The  dashed  curves  in  Figs,  la  and  lb  show  the 
results  of  a  simulation  with  the  same  parameters  as 
before  except  that  the  magnitude  of  the  magnetic 

field  is  increased  by  a  total  of  aB/B  =  45%  between 
z  »  11  zR  and  z  «  26  zR.  Although  the  efficiency 
is  in  excess  of  50%,  the  radiation  beam  becomes 
defocused  as  a  result  of  the  increase  in  magnetic 
field  tapering.  An  explanation  for  this  is 

provided  b^  the  plots  of  the  axial  dependence  of 
n  -  1  *■  k  dy/dz  in  Figs,  lc  and  Id.  In  Fig.  lc, 
which  corresponds  to  the  case  in  wht^h  aB/B_j=  30%, 
dy/dz  initially  increases  so  that  k  dy/dz  = 

Au/(uB  )  in  the  exponential  gain  regime  and  the 
index  of  refraction  is  larger  than  one.  During  the 
interval  11  <  z/zR  <  21  in  which  the  applied 

magnetic  field  is  increased,  dy/dz  decreases  and  n 
decreases  towards  one.  However,  at  the  end  of  this 
interval,  the  index  of  refraction  is  still  slightly 

larger  than  one  so  the  radiation  beam  is  focused. 

For  the  case  in  which  AB/B  =  45%  (Fig.  Id),  the 
applied  magnetic  field  is  increased  to  the  point  at 
which  the  index  of  refraction  is  no  longer  larger 
than  one  and  the  beam  begins  to  spread 

diff ractively. 

In  conclusion,  we  have  shown  that  the 
radiation  beam  in  a  CARM  amplifier  can  be 
transported  without  defocusing  following  saturation 
only  if  the  Doppler-shifted  wave  frequency  is 
slightly  larger  than  the  relativistic  gyrof requency 
(Au  >  0)  and  the  magnetic  field  Caper  is  not 
excessive. 
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Figure  1.  Optical  Guiding  in  CARM 
The  axial  dependence  of  the  (a)  efficiency  n  and 
(b)  normalized  spotsize  r  (z)  =  r  (z)/r  (0)  are 
plotted  for  a  tapered  magnetic8  field  ^i/B  =‘*30% 
(solid  line)  and  AB/B  =  45%  (dashed  line).  The 
axial  dependence  of  n  -  1,  where  n  is  the  index  of 
refraction,  is  plotted  for  AB/B  =  (c)  30%  and  (d) 
45%. 


324 


Th4.6 


INITIAL  OPERATION  OF  A  CHERENKOV  CARM 


H.B.  Cao,  D.B.  McDermott  and  N.C.  Luhmann,  Jr. 
Department  of  Electrical  Engineering,  University  of  California 
Los  Angeles,  California  90024 


ABSTRACT 

The  advantages  of  high  efficiency  and  high  frequency 
from  a  CARM  can  be  obtained  even  with  a  low  energy 
electron  beam  by  incorporating  a  slow  wave  structure. 
Interaction  on  the  light-line  of  a  Cherenkov  CARM  has 
been  achieved  in  an  oscillator  configuration. 


INTRODUCTION 

The  carm'11'  is  a  novel  variation  of  the  cyclotron 
resonance  maser.  It  is  designed  so  that  the  electrons  remain 
in  synchronism  with  the  electromagnetic  wave  even  as  they 
lose  energy.  The  resonance  condition,  as  for  all 
fundamental  gyro-tubes,  is: 

«=«rt/y  +  kiV|  (1) 

where  nc0=cB/  m0  is  the  rest  mass  cyclotron  frequency,  k,  and 
v,  arc  the  axial  wavcvcctor  and  velocity,  respectively. 
Synchronism  can  be  maintained  if  the  longitudinal  velocity 
decreases  at  the  same  rate  as  the  energy.  This  occurs  for 
/?pT,=ft)/ck|  =  1 .  The  dynamic  phase  shift  of  an  electron 
relative  to  the  wave  can  be  written  as<” 

A<^=(Ay/y)wT(/J-*-l)  (2) 

Notice  that  the  phase  slippage  occurs  less  slowly  as  /?ph 
approaches  unity.  This  enables  particles  to  interact  with  the 
wave  with  a  high  efficiency. 

Another  feature  of  the  CARM  is  that  the 
Doppler-upshift  of  frequency  is  significant,  which  can  be 
shown  as 

co  =  (l-/I|)-,nto/y  (3) 

A  highly  relativistic  electron  beam  is  required  for  a  fast 
wave  CARM  in  order  to  avoid  the  competition  from 
backward  wave  oscillation.  However,  by  incorporating  a 
slow  wave  structure  we  can  still  achieve  the  advantages  of  a 
CARM  while  using  a  low  energy  beam1”. 

The  guiding  structure  of  a  Cherenkov  CARM  is  a 
dielectric  cylinder  within  the  cavity.  The  mode  of  interest  is 
the  hybrid  HE,,  mode  which  peaks  on  axis  as  the  phase 
velocity  approaches  the  speed  of  light.  Thus  the  wave  is 
strong  in  the  central  vacuum  region  for  the  values  of  phase 
velocity  which  yield  the  highest  efficiency.  Yet,  the  required 
beam  energy  is  sustantially  reduced. 


EXPERIMENT 

An  appropriate  gun  geometry  to  excite  the  he,,  mode  is 
a  pencil  beam  which  acquires  its  transverse  energy  by 
passing  through  a  gyrorcsonant  wiggler.  The  initial  CARM 
was  designed  as  an  oscillator.  The  principal  design  of  the 
experimental  system  is  shown  in  Fig.  1. 


A  linearly  polarized  wiggler  was  constructed  with 
permanent  magnets.  The  pump  field  on  axis  can  be  adjusted 
from  10  to  200  Gauss.  Figure  2  shows  the  measured  field 
strength  for  the  wiggler.  The  detrimental  "edge  field"  was 
eliminated  by  configuring  the  magnets  with  a  reduced 
period  at  the  ends. 

The  solenoid  was  configured  such  that  the  magnetic 
fields  for  the  wiggler  and  the  CARM  interactions  were 
separately  adjustable  so  that  both  interactions  could  be 
optimized  independently.  The  magnetic  field  profile  is 
shown  in  Fig.  3. 

A  diagnostic  experiment  examined  the  performance  of 
gyrorcsonant  velocity  transformation  in  the  wiggler.  Using 
an  aperture,  an  extremely  thin  beam  was  passed  through 
the  wiggler  and  impacted  on  a  uranium  glass  plate,  so  that 
the  Larmor  radius  of  the  electrons  could  be  measured  and 
the  a  could  be  calculated.  The  experimental  results  with 
different  pump  field  and  varying  background  field  are 
shown  in  Fig.  4.  The  result  is  fairly  consistent  with 
simulation(Fig.  5). 

The  Cherenkov  CARM  experiment  was  then  performed 
with  a  4  A, 100  keV  beam.  The  wiggler  fields  were  adjusted 
so  that  the  electron  had  an  a  of  0.8  in  the  CARM  region. 
The  CARM's  magnetic  field  was  then  swept  so  that  the 
cyclotron  resonance  line  (Eq.  1)  moved  along  the  HE,, 
dipersion  curve,  exciting  both  forward  and  backward 
modes.Figurc  6  shows  the  cold  test  measurement  of  the  HE,, 
dispersion  along  with  the  power  emitted  through  one  of  the 
two  output  ports.  A  peak  power  of  24.6  kW  was  generated 
for  the  fourth  order  axial  mode.  The  15th  order  mode, 
which  is  on  the  light-line,  was  excited  with  an  output  power 
of  300  W. 


CONCLUSION 

A  wave  wuh  /?ph  =  1  has  been  excited.  However,  the 
experiment  is  far  from  optimized.  It  is  known  that  a  high 
quality  electron  beam  (Av,/v,<;2%)  is  required  for  efficient 
CARM  interaction1”.  The  velocity  spread  is  presently  about 
8%,  given  by  the  inhomogencity  of  the  pump  field.  By 
reducing  the  size  of  the  beam,  the  velocity  spread  will  be 
reduced.  Also,  the  coupling  of  the  power  from  the  cavity 
must  be  improved.  Presently,  wall  coupling  is  being  used. 
However,  as  the  operating  point  approaches  the  light  line, 
the  electromagnetic  energy  tends  to  concentrate  near  the 
axis  of  the  cavity  and  to  be  a  null  near  wall,  yielding 
minimal  coupling. 
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SOLENOID 


Figure  4  Experimental  results  of  a  for  several  pump  fields 
with  varying  background  field. 


Figure  1  Schematic  of  the  Cherenkov  CARM  oscillator 
system. 


Figure  2  Measured  transverse  magnetic  field  strength  on 
axis  of  the  permanent  magnet  wiggler. 
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Figure  3  Magnetic  field  profile  of  the  Cherenkov  CARM 
system. 


Figure  5  Simulation  results  of  a  for  several  pump  fields 
with  varying  background  field. 
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Figure  6  Measured  dispersion  relation  of  HE,,  mode  along 
with  power  emitted  from  several  axial  modes  through  one  of 
two  output  ports. 
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ABSTRACT 

A  high-peak-power  35  GHz  multi-cavity  phase- 
locked  gyrotron  based  on  a  solid  1  MeV,  100  Amp,  30 
nsec  electron  beam  has  been  designed.  The  required 
beam  transverse  momentum  is  produced  by  a  helical 
wiggler  and  increased  to  a  beam  pitch  ratio  ot=0.75 
by  magnetic  field  compression.  The  locking  signal, 
provided  by  a  20  kW  magnetron,  drives  a  slotted  cy¬ 
lindrical  TE11X  prebunching  cavity.  The  azimuthal 
phase  bunching  of  the  beam,  is  enhanced  by  means  of 
a  second  passive  bunching  cavity.  The  TE121  output 
cavity,  which  will  self-oscillate  in  the  absence  of 
beam  prebunching,  is  expected  to  produce  output 
powers  of  -10  MW  and  have  a  locking  frequency 
bandwidth  of  0.1  percent. 

INTRODUCTION 

This  paper  describes  the  design  for  an  exper¬ 
imental  high  power,  phase-locked  gyrotron  oscil¬ 
lator.  The  electron  beam  is  generated  by  a  1  MV 
pulseline  accelerator,  and  the  reference  signal  is 
provided  by  a  35  GHz,  20  kW  magnetron.  The  expec¬ 
ted  output  power  is  approximately  10  MW.  The  ex¬ 
periment  is  intended  to  serve  as  a  test  bed  for  the 
development  of  very  high  peak  power  phase-locked 
gyrotron  oscillators.  Such  oscillators  are  of  in¬ 
terest  as  sources  for  high-accelerating-gradient  RF 
accelerators  and  phased-array  directed-energy  an¬ 
tenna  systems.  The  experiment  should  allow  the  in¬ 
vestigation  of  important  elements  of  the  design  of 
these  devices  and  of  the  diagnostics  required  for 
demonstrating  phase-locked  operation  under  short 
pulse,  low  repetition-rate  conditions. 


factor  and  suppress  competing  modes  [2J.  Addition¬ 
al  slots  and  apertures  are  used  to  suppress  oscil¬ 
lation  in  the  drift  spaces.  The  output  cavity  op¬ 
erates  in  the  TE121  mode,  and  is  also  slotted  to 
reduce  competing  mode  excitation. 

Figure  2  shows  calculated  axial  RF-field  pro¬ 
files  for  the  TE112  and  TEll2  modes  for  one  of  the 
prebunching  cavities  as  well  as  the  location  of  the 
apertures  and  slots  used  both  to  suppress  higher- 
order  transverse  modes,  and  to  linearly-polarize 
and  control  the  Q  of  the  desired  TE211  mode  and  the 
competing  TE112  mode.  Since  the  drift  spaces  sep¬ 
arating  the  cavities  are  weakly  cut  off  to  these 
modes,  their  fields  extend  well  into  the  drift 
spaces.  Thus,  the  effective  RF  cavity  extends  well 
beyond  the  nominal  cavity  length  defined  by  the  en¬ 
larged  diameter  section.  The  length  of  the  main 
44°  axial  slots  of  the  cavity  region  is  three  times 
the  length  of  the  enlarged  section  of  the  cavity, 
in  order  to  extend  everywhere  that  the  TE211  mode 
has  substantial  rf  fields.  In  order  to  further 
suppress  the  TEI12  mode,  which  extends  much  further 
into  the  cutoff  regions,  additional  pairs  of  "key¬ 
hole"  slots  were  placed  in  the  walls  of  the  cutoff 
section,  beginning  just  beyond  the  main  cavity 
slots,  but  at  an  angle  of  90°  from  them.  The  com¬ 
bination  of  large  slots  at  90°  intervals  in  differ¬ 
ent  regions  of  the  cutoff  section  helps  both  to 
limit  the  spatial  extent  of  the  rf  fields  of  the 
TEll2  mode  of  the  cavity,  and  also  to  substantially 
lower  the  Q  of  the  TEM  mode  of  the  drift  spaces, 
of  any  polarization,  in  order  to  prevent  the  build¬ 
up  of  oscillation  in  these  regions. 

THEORY 


EXPERIMENTAL  DESIGN 

A  schematic  of  the  experimental  configuration 
is  shown  in  Fig.  1.  A  solid  1  MeV,  -100  A  electron 
beam  is  produced  by  the  NRL  VEBA  pulseline  acceler¬ 
ator,  with  a  voltage  pulse  length  (FWHM)  of  -55 
nsec  and  a  voltage  flat-top  of  -30  nsec,  using  an 
apertured  diode  previously  used  to  produce  a  high 
quality,  low  transverse  velocity  beam  for  milli¬ 
meter-wave  free-electron  laser  (FEL)  experiments 
[1],  The  transverse  momentum  required  for  the  gy¬ 
rotron  interaction  is  produced  initially  by  a  bi- 
filar  helical  wiggler  and  then  increased  to  a  final 
momentum  pitch  ratio  a  of  -0.75  by  adiabatic  com¬ 
pression  of  the  axial  magnetic  field.  The  locking 
signal  from  the  magnetron  is  introduced  via  a  pre¬ 
bunching  cavity.  A  second  passive  buncnina  cavity 
is  used  to  increase  the  locking  frequenc;  ^andwidth 
obtainable  with  a  given  locking  power. 

The  bunching  cavities  are  designed  to  operate 
in  the  fundamental  TE1U  cylindrical  cavity  mode. 
However,  some  competition  from  the  TEll2  mode  could 
not  be  avoided  due  to  the  constraint  on  the  minimum 
drift  tube  diameter  set  by  the  requirement  to  pro¬ 
pagate  the  electron  beam.  The  bunching  cavities 
include  two  axial  slots  to  control  the  cavity  Q 


A  linear  theory  of  gyrotron  oscillator  phase 
locking  via  a  prebunching  cavity  has  been  presented 
by  Manheimer  [3].  The  nonlinear  theory  of  gyrotron 
phase  locking  has  been  investigated  by  Flif let  and 
Manheimer! 4).  As  shown  in  [4),  a  simple  estimate 
from  perturbation  theory  for  the  locking  bandwidth 
using  a  prebunching  cavity  is: 
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where  /j ,  A,  Ic ,  and  F  are  the  normalized  inter¬ 
action  length,  detuning  parameter,  current,  and 
steady  state  field  amplitude,  respectively,  Q  is 
the  quality  factor  of  the  output  cavity,  is  the 
regular  Bessel  function  of  order  1,  Jj'  is  its 
derivative,  q  is  the  beam  azimuthal  phase  bunching 
parameter,  and  £to  is  the  initial  transverse  veloc¬ 
ity  of  the  electron  beam  divided  by  the  speed  of 
light.  The  normalized  gyrotron  parameters  are  de¬ 
fined  as  in  Danly  and  Temkin  (5J.  Eq.  (1)  assumes 
that  the  cavity  axial  rf-field  profile  has  a  gaus- 
sian  form  f(z)=exp{-[31/J (2z/d-l) )J } ,  where  z  ranges 
from  0  to  d  and  d  is  the  effective  interaction 
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length.  It  neglects  axial  velocity  modulation 
generated  by  the  bunching  cavity  and  the  effects  of 
initial  beam  velocity  spread.  As  discussed  in  [3], 
the  effect  of  beam  velocity  spread  is  to  reduce  the 
resonance  detuning  parameter  at  which  a  given  lock¬ 
ing  bandwidth  can  be  obtained.  If  the  expected 
beam  quality  is  obtained  (flvz/vz<5%),  this  effect 
should  be  small.  The  maximum  bandwidth  corresponds 
to  the  maximum  value  (0.58)  of  Jt ,  which  occurs  for 
q=1.83.  This  bunching  parameter  appears  feasible 
with  multiple  bunching  cavities. 

Figure  3  shows  the  start  oscillation  current 
for  the  prebunching  cavities  and  the  output  cavity 
as  a  function  of  magnetic  field.  While  the  TEM1 
mode  of  the  prebunching  cavity  is  stable  at  all 
magnetic  fields,  the  TE112  remains  a  problem.  It 
appears  stable  at  the  design  voltage  and  magnetic 
field,  but  may  oscillate  during  the  rise  and  fall 
of  the  voltage  waveform.  The  free-running  oscil¬ 
lator  parameters  for  the  output  cavity  have  been 
calculated.  The  peak  efficiency  of  13%  occurs  at 
32  kG  and  corresponds  to  A=0.91  and  F=0.43.  The 
normalized  beam  current  is  0.35.  Based  on  these 
parameters,  and  assuming  optimum  bunching,  the 
locking  frequency  bandwidth  is  0.16%.  Some  in¬ 
crease  in  bandwidth  at  lower  efficiency  could  be 
achieved  at  higher  magnetic  field.  These  analytic 
results  are  supported  by  simulations  using  a  time- 
dependent  slow-time-scale  code  described  in  (4). 

In  summary,  a  circuit  design  has  been  obtained 
for  a  phase-locked  intense  beam  gyrotron  oscillator 
with  a  locking  frequency  bandwidth  of  -0.1%.  The 
effective  gain  of  output  power  to  the  locking  power 
needed  to  achieve  this  bandwidth  is  -28  dB.  The 
circuit  makes  use  of  a  novel  arrangement  of  slots 
and  apertures  to  control  the  Q  of  the  bunching  cav¬ 
ities  and  to  prevent  oscillation  in  spurious  modes. 
These  cavities  have  been  constructed  and  cold 
tested,  and  have  shown  the  desired  combinations  of 
Q-values,  center  frequencies,  and  frequency  tuna- 
bility.  A  method  has  been  identified  to  produce  an 
electron  beam  with  the  desired  current,  a,  and  vel¬ 
ocity  spread.  The  successful  conclusion  of  this 
design  effort  [6],  and  our  success  in  fabricating 
cavities  with  the  desired  combination  of  proper¬ 
ties,  points  the  way  to  an  experimental  test  of  our 
design  for  a  high  voltage  multi-cavity  35  GHz 
phase-locked  gyrotron  oscillator. 

This  work  was  supported  in  part  by  the  Office 
of  Innovative  Science  and  Technology,  Strategic  De¬ 
fense  Initiative  Organization,  and  managed  by  the 
Harry  Diamond  Laboratories,  and  in  part  by  the  Of¬ 
fice  of  Naval  Research 
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Fig.  1.  Schematic  diagram  of  the  three-cavity 
phase-locked  gyrotron  oscillator  experiment. 


Fig.  2.  Calculated  axial  profile  functions  for 
the  TEjj,  and  TEll2  modes  of  the  prebur.ching  cav¬ 
ities,  snowing  the  location  of  apertures  and 
slots. 
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Fig.  3.  Start  oscillation  current  for  the  pre¬ 
bunching  cavity  (1-1  and  1=2  modes)  and  the  main 
output  cavity. 
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ABSTRACT 

Thousands  of  barrier-Intrinsic-N+  diodes  are 
monolithically  integrated  by  a  metal  grid  as  a 
highly  efficient  frequency  tripler  which  promises 
watt-level  CW  output  power  throughout  the 
millimeter  wave  region. 

INTRODUCTION 

A  serious  problem  in  the  development  of 
millimeter  and  submillimeter  wavelength  receivers 
for  atmospheric  and  space  spectroscopy  is  the 
availability  of  suitable  local  oscillators  required 
for  heterodyne  mixing.  Such  local  oscillators  must 
have  reasonable  power  output  and  efficiency,  and 
are  required  to  cover  a  range  of  wavelengths  of 
interest  to  spectroscopy.  Available  solid-state 
oscillators,  such  as  GaAs  Gunn  diodes  and  IMPATTs, 
are  highly  efficient  and  tunable,  but  are  currently 
limited  to  frequencies  up  to  about  75  and  150  GHz, 
respectively  (for  output  power  a  0.1  W) . 

Much  higher  frequencies  can  be  obtained  by 
generating  harmonics  of  the  fundamental  frequency 
from  these  solid-state  oscillators.  To  overcome 
the  power  limitations  of  a  single-diode  multiplier, 
our  design  of  a  diode  grid  for  frequency 
multiplication  is  motivated  (1).  This  approach  is 
attractive  because  a  metal  grid  is  monolithically 
integrated  with  thousands  of  diodes  thereby 
resulting  in  potentially  low-cost,  small-size  and 
realization.  Power  is  distributed  among  many 
diodes  making  possible  watt- level  output  power 
throughout  the  millimeter  and  submillimeter  wave 
region. 

The  feasibility  of  this  approach  has  been 
demonstrated  by  a  frequency  doubler  arrays  of  GaAs 
Schottky  diodes  (see  Fig.  1)  with  0.5  W  output 
power  at  66  GHz  (2).  However,  the  Schottky  diodes 
have  serious  limitations  at  higher  frequencies. 
These  stem  mainly  from  the  parasitic  resistance 
introduced  by  the  ohmic  front  contact.  Futhermore, 
the  weak  dependence  of  the  capacitance  on  the 
voltage  limits  the  efficiency  in  harmonic 
generation,  especially  for  higher  harmonics. 

SILICON  BIN  DIODE  DOUBLER 

The  approach  we  have  taken  to  overcome  these 
deficiencies  is  the  thin  metal-oxide-silicon  diode 
(3).  The  T-MOS  diode,  which  has  an  undoped  thin 
epitaxial  layer,  exhibits  an  exponential  dependence 
of  the  capacitance  on  voltage  and  thus  is  much  more 
efficient  in  producing  harmonics.  This  concept  has 
been  tested  with  a  single-diode  in  a  whisker- 
coupled  waveguide  configuration  for  frequency 


doubling.  A  doubling  efficiency  of  14.7%  at  95  GHz 
was  obtained  experimentally  which  is  in  good 
agreement  with  the  theoretical  predictions  (4,5). 
Futhermore,  due  to  the  blocking  barrier,  two  diodes 
can  be  operated  back-to-back  generating  a  sharp 
spike  in  the  C-V  curve.  This  symmetric  C-V 
characteristic  provides  cancellation  of  even 
harmonics  favoring  the  tripling  and  quintupling 
operation.  In  addition,  the  height  and  width  of 
this  C-V  curve  can,  in  principle,  be  adjusted  by 
doping  control  alone  thus  eliminating  the  need  for 
an  external  dc  bias.  This  arrangement  results  in  a 
highly  efficient  frequency  tripler.  However, 
defects  in  the  epitaxial  silicon  layer  deteriorated 
the  thin  oxide  and  limited  the  yield  of  the  devices 
making  array  construction  difficult. 

GaAs  BIN  DIODE-GRID  TRIPLER 

Recently,  a  GaAs  barrier-Intrinsic-H*4  (BIN) 
diode  has  been  developed  as  shown  in  Fig.  2.  This 
structure  does  not  require  an  insulator  layer  as  in 
the  T-MOS  structure,  but  instead  relies  on  a  Mott- 
type  barrier  formed  in  the  semiconductor  between 
the  metal  gate  and  a  sheet  of  positive  charge 
formed  by  a  doped  atomic  plane.  The  active  region 
is  an  intrinsic  layer  between  the  Mott-barrier  and 
a  heavily  doped  electron  injecting  zone. 
Accumulation  and  depletion  of  electrons  at  the 
barrier  produce  nonlinearities  in  the  C-V 
characteristic  which,  especially  at  low 
temperature,  are  much  stronger  than  in  a  Schottky 
diode.  This  structure  also  cakes  advantage  of  the 
higher  mobility  of  GaAs.  The  maximum  cut-off 
frequency  is  determined  by  the  time  it  takes 
electrons  to  transit  the  active  layer  at  the 
saturation  velocity.  For  a  100  nm  GaAs  layer  the 
cut-off  frequency  is  fc  «  1  THz.  A  tripling 
efficiency  of  35Z  at  an  output  frequency  of  100  GHz 
Is  predicted. 

The  metal  grid  we  designed  for  the  BIN  diode 
tripler  consists  of  a  columnar  mesh  of  aluminum 
strips  with  Schottky  electrodes  on  each  end  as 
shown  in  Fig.  3.  The  small  dimension  and 
rectangular  shape  of  the  Schottky  electrode  are 
designed  to  minimize  the  zero-voltage  capacitance 
and  series  resistance  of  the  device,  respectively. 
Tho  two  neighboring  Schottky  electrodes  are 
designed  to  give  the  back-to-back  configuration  for 
two  BIN  diodes.  This  arrangement  requires  only  one 
metal  pattern,  which  greatly  facilitates  the  case 
of  fabrication. 

The  quasi-optical  diode-grid  tripler  design  has 
been  developed  as  shown  in  Fig.  4,  where  power  at 
the  fundamental  frequency  enters  from  the  bottom, 
through  an  input  tuner.  The  grating  plate  (which 
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functions  as  a  high-pass  transmission  filter) 
reflects  the  incident  pump  power  at  the  fundamental 
frequency  to  the  diode  grid  on  the  left  of  it,  and 
the  metal  mirror  behind  the  diode  grid  again 
reflects  all  the  harmonics  back  to  the  grating 
plate.  Different  harmonics  are  then  diffracted  in 
different  directions.  The  third  harmonic  is 
designed  to  exit  in  the  desire  direction  passing 
through  an  output  tuner.  The  tripling 
configuration  has  been  tested  with  one  of  the 
remaining  Schottky  diode  grids. 

The  experimentally  measured  C-V  curve  from  two 
back-to-back  BIN  diodes  with  the  structure  shown  in 
Fig.  5,  demonstrates  the  back-to-back  tripling 
configuration.  The  efficiency  of  the  BIN  diode 
tripler  is  also  calculated  using  this  C-V  data  by  a 
large-signal  multiplier  analysis  program  (6).  The 
computation  results  as  shown  in  Fig.  6  verify  the 
utilization  of  the  BIN  diode  as  a  highly  efficient 
frequency  tripler. 

This  work  is  supported  by  TRW  under  the  California 
MICRO  program. 
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Fig.  1  The  quasi-optical  diode-grid  doubler  design. 


Fig.  2  The  BIN  diode  structure. 


Fig.  3  The  design  of  metal  grid  for  the  BIN  diode- 
grid  tripler. 


Fig.  4  The  quasi-optical  diode-grid  tripler  design. 

2  BIN  OkkJ#*  Back  lo  Back  (Back  Contact  Floating) 


Fig.  5  Symmetric  C-V  characteristic  from  the 
experimental  measurement  of  two  back-to-back  BIN 
diodes. 


Fig.  6  Tripling  efficiencies  of  the  BIN  diode  from 
the  large-signal  multiplier  analysis  using  the 
experimentally  measured  C-V  data  of  Fig.  5. 
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ABSTRACT 

Analysis  of  a  novel  monolithic  GaAs  MIS 
phase  shifter  is  presented.  A  quasi-TEM 
transmission  line  model,  valid  for  the  slow- 
wave  regime,  is  used  to  predict  operation  of 
the  device  as  an  electronically  controllable 
phase  shifter.  Device  parameters  such  as 
phase  shift,  characteristic  impedance,  and 
insertion  loss  are  computed. 


INTRODUCTION 

Electronically  steerable  antenna  arrays 
for  use  in  the  millimeter  and  submillimeter 
wavelength  ranges  are  being  developed  for 
defense  and  civilian  requirements  in  the  1990s 
and  beyond.  A  major  goal  of  millimeter 
wavelength  systems  is  to  integrate  a  majority 
of  the  electronics  onto  a  single  microchip. 
Such  systems  will  no  doubt  include  transceiver 
and  control  circuits  as  well  as  the  antenna 
array . 

One  novel  monolithic  phased  array  antenna 
system  has  been  presented  by  Jain  and  Bansal 
(1984)  (1)  .  Their  idea  is  to  construct 
individual  antenna  elements  of  doped 
semiconductor  material  directly  on  a  semi- 
insulating  gallium  arsenide  (GaAs)  substrate. 
This  scheme  will  simplify  synthesizing  the 
desired  antenna  radiation  pattern.  Work  is 
presently  in  progress  to  fabricate  and  test 
antenna  elements  of  these  arrays  in  the 
Microelectronics  Laboratory  at  the  University 
of  Connecticut .  However,  steering  the 
radiation  intensity  of  the  array  will  require 
additional  electronic  adjustment  of  the  phase 
of  the  electromagnetic  wave  reaching  the 
individual  antenna  element.  This  paper 
describes  a  MIS  type  phase  shifter  for  GaAs 
based  integrated  systems.  In  particular, 
theoretical  analysis  using  quasi-TEM  model  of 
the  slow-wave  structure,  and  numerical 
computations  are  presented. 

QUASI-TEM  ANALYSIS 


evaluated  using  Kwon  et  al's  formulas.  These 
components  include  the  metal  conductor  losses 
per  unit  length,  Rm,  and  the  transverse 
resistance,  Rt .  To  compute  the  line 
inductance,  Lm,  a  modified  procedure  was  used 
to  account  for  the  multiple  layered  geometry 
in  our  phase  shifter. 

The  line  inductance  is  determined  from 
the  static  line  capacitance.  The  usual  method 
(3)  to  determine  the  static  line  capacitance 
neglects  the  thickness  of  the  conductors.  A 
simple  method  to  include  the  effect  of 
conductor  thickness  subdivides  the  capacitance 
into  three  parts;  the  bottom-half,  the  top- 
half,  and  the  edge  capacitances  (4) .  Using 
the  Schwartz-Christophel  conformal  mapping, 
the  top  half  and  bottom  half  capacitances  may 
be  computed.  The  edge  capacitance  is  computed 
using  a  parallel  plate  approximation  The 
total  static  line  capacitance  is  the  parallel 
combination  of  these  three  components.  Using 
this  value,  the  per  unit  length  inductance, 
Lm'  of  the  transmission  line  is  determined. 

Kwon  et  al  account  for  the  loss  in  the 
semiconductor  material  directly  beneath  the 
conductor  strip  by  introducing  a  resistance, 
Rs  in  parallel  with  the  Rm+  jljm  impedance  of 

the  conductor  strips.  The  value  for  the 
semiconductor  loss  resistance  is  determined 
from  the  conductivity  of  the  material  and  the 
skin  depth.  We  have  determined  that  for  a 
multiple  layer  structure,  the  loss  resistance 
must  be  replaced  by  a  series  resistance  and 
inductance.  This  impedance  is  found  by 
applying  Schelkunof f 1 s  (5)  definition  of 
surface  impedance.  The  result  of  this 
computation  is  an  impedance  connected  in 
parallel  with  the  impedance  used  by  Kwon  et  al 
as  seen  by  comparing  Figures  2a  and  2b.  The 
results  of  the  calculations  for  surface 
impedance  of  a  two-layer  device  are: 
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Kwon,  et  al  (2)  have  presented  a  straight 
forward  method  for  analyzing  coplanar 
microstrip  transmission  lines  using  a  quasi¬ 
static  TEM  approximation.  Their  experimental 
data  agree  well  with  their  theoretical 
results.  We  have  used  this  model  to  analyze 
our  structure  shown  in  Figure  1.  Determining 
the  model  parameters  was  modified  to 
correspond  with  the  physical  structure  of  this 
new  device.  Figure  2a  and  2b  show  the 
schematics  of  the  circuit  models  used  by  Kwon 
et  al  and  by  the  authors,  respectively. 
Components,  equivalent  in  the  two  models,  were 


where: 

Zt.(0)  =  total  internal  impedance  for  a 
device  with  i  layers 

Ez(0)  =  electric  field  at  the  surface 
JTocai  =  total  current  density. 

=  conductivity  of  layer  i 
8^  =  skin  depth  in  layer  i 

d^,  =  thickness  of  layer  i 
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The  resistive  and  inductive  components  are 
determined  from  the  real  and  imaginary  parts 
of  the  surface  impedance: 

For  the  shunt  transverse  capacitance, 
this  model  uses  the  capacitance  due  to  both 
the  insulation/oxide  and  the  depleted  layer 
created  by  bias  on  the  device. 

Using  this  model,  slowing  factor  and 
attenuation  are  computed  and  presented  in 
Figures  3,  and  4  respectively.  It  is 
important  to  note  that  the  slowing  factor,  and 
hence  the  phase  shift  per  unit  length  can  be 
adjusted  by  varying  the  DC  bias  on  the  gate  of 
this  MIS  structure. 

CONCLUSIONS 

The  Quasi-static  analysis  presented  by 
Kwon  et  al  has  been  extended  to  a  multi-layer 
device  where  the  slowing  factor  can  be 
controlled  by  DC  bias.  The  improved  model 
includes  the  thickness  of  the  conductors  and 
losses  in  multiple  layers  of  semiconducting 
material.  The  entire  analysis  is  straight 
forward  and  does  not  require  extensive  use  of 
numerical  analysis.  Results  obtained  to  date 
are  in  close  agreement  with  published  results 
for  similar  structures.  The  availability  of 
electronically  controllable  monolithic  phase 
shifters  which  can  be  integrated  directly  onto 
the  wafer  will  open  new  horizons  for  the 
millimeter  wave  antenna  array  designer. 
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Figure  1.  Cross  sectional  geometry  of  the 
proposed  monolithic  phase  shifter 
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Figure  2.  Schematic  of  the  models  used  by  Kwon 
et  al,  (a)  and  the  present  work  (b) . 

Slow-Wave  Factor  versus  Frequency 


Frequency  (GHz) 

Figure  3.  Slowing  factor  versus  frequency  for 
various  line  configurations. 


Attenuation  versus  Frequency 
for  different  S/W  ratio  lines 


S/W  =  0.05 


Frequency  (GHz) 

Figure  4.  Attenuation  versus  frequency  for 
various  line  configurations 
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ABSTRACT 

The  scattering  of  a  plane  wave  by  a  raicrostrip 
line  is  formulated  under  the  most  general  conditions, 
including  the  finite  conductivities  of  the  metal 
strip,  substrate  and  ground  plane,  in  order  to 
determine  accurately  the  absorption  of  energy  by  the 
microstrip  structure.  It  is  shown  that  a  new  class 
of  modes  in  the  metal  is  needed  for  a  formulation  of 
the  microstrip  structure  as  a  rigorous  boundary-value 
problem  by  the  method  of  mode  matching. 

INTRODUCTION 

A  rigorous  formulation  is  presented  for  the 
scattering  of  a  plane  wave  by  a  uniform  microstrip 
line  which  is  composed  of  a  metal  strip  placed  on  top 
of  a  dielectric  substrate  which  is  backed  by  a  ground 
plane.  The  metal  strip  is  made  of  a  good  conductor 
with  a  finite  thickness  and  a  finite  conductivity. 
The  substrate  has  a  complex  dielectric  constant  with 
a  small  imaginary  part  to  represent  its  absorption 
effect.  Finally,  the  ground  plane  is  assumed  to  be 
very  large  and  is  taken  as  a  semi-infinite  medium. 
This  is  the  most  realistic  characterization  of  a 
microstrip  structure  for  a  theoretical  analysis.  In 
terms  of  the  complex  dielectric  constants,  the 
microstrip  structure  can  be  taken  as  a  dielectric 
strip  waveguide  whcih  has  been  rigorously  formulated, 
by  the  method  of  mode  matching,  as  a  boundary-value 
problem  in  the  literaturejl ,2] . 

For  a  low-loss  structure  composed  of  good 
conductors  and  a  good  dielectric  material  for  the 
substrate,  the  absorption  is  generally  expected  to  be 
samll.  However,  for  the  guiding  structure  of  concern 
here,  the  Incident  energy  may  be  converted  or  coupled 
into  the  guided  modes  of  the  microstrip  line,  under 
appropriate  conditions  on  the  incident-wave  and 
structure  parameters.  The  energy  of  a  guided 
(raicrostrip)  mode  is  trapped  mostly  In  the  substrate 
around  the  strip  and  is  ultimately  absorbed  by  the 
lossy  materials  comprising  the  structure.  If  the 
coupling  of  the  incident  energy  into  the  microstrip 
modes  is  substantial,  the  phenomenon  of  anomalous 
absorption  may  occur  in  the  sacttering  of  an  incident 
plane  wave  by  the  microstrip  structure.  We  show  here 
that  there  exists  a  new  class  of  modes  in  the 
metal-dielectric  layered  structure,  which  has  to  be 
included  In  order  to  treat  the  structure  as  a  whole, 
including  the  effect  of  loss  in  every  constituent 
part  of  the  structure. 

FORMULATION 

The  geometrical  configuration  of  the  microstrip 
line  is  shown  in  Fig.  1(A).  The  metal  strip  has  a 
width  2wm,  a  thickness  t  and  a  complex  dielectric 
constant  e^.  The  substrate  has  a  complex  dielctric 
constant  eg  and  a  thickness  t  .  The  ground  plane  has 

a  complex  dielectric  constant*  e  .  To  facilitate  the 

S 


formulation  of  the  problem,  we  enclose  the  raicrestrip 
line  inside  an  ideal  parallel-plate  waveguide,  so 
that  the  basic  modes  of  the  structure  are  totally 
discretized.  Furthermore,  by  the  reflection  symmetry 
in  the  lateral  direction,  the  structure  is  bisected, 
and  only  one  half  of  it  is  considered.  At  the 
bisection  plane,  we  have  a  perfect  magnetic  conductor 
(PMC)  for  the  symmetric  modes  and  a  perfect  electric 
conductor  (PEC)  for  the  antisymmetric  modes.  Thus, 
we  may  consider  only  the  bisected  structure  with  an 
appropriate  termination  at  the  bisection  or  symmetry 
plane,  as  shown  in  Fig.  1(b). 

With  the  structure  vertically  confined,  the 
scattering  problem  now  becomes  the  determination  of 
the  reflection  and  transmission  of  energy  along  the 
parallel-plate  waveguide.  The  structure  may  be 
divided  into  four  regions:  the  air  region,  x  <  0;  the 
microstrip  region,  0  <  x  <  x. ;  the  substrate  region, 
x.  <  x  <  x»;  and  the  grounding  region,  x  <  x„.  We 
first  find  the  general  field  solutions  in  each  region 
and  then  require  the  continuity  of  tangential  field 
components  at  the  boundary  between  two  adajcent 
regions.  Among  the  four  regions,  the  microstrip 
region  is  considered  as  a  parallel-plate  waveguide 
filled  with  two  different  layers  of  dielectric, 
whereas  the  other  three  regions  as  being  filled  with 
a  uniform  dielectric.  The  mode  functions  of  the 
three  parallel-plate  waveguides  filled  with  a  uniform 
dielectric  are  well  known;  they  are  simply  the  sine 
or  cosine  functions,  independent  of  the  dielectric 
constant.  The  mode  functions  of  the  microstrip 
region  consisting  of  two  unlfrom  layers  can  also  be 
easily  determined.  Because  of  the  presence  of  metal 
with  a  large  imaginary  part  of  the  dielectric 
constant,  there  exist  two  classes  of  modes,  one  being 
well  understood  but  not  the  other.  The  new  class  of 
modes  is  responsible  for  many  Interesting  behaviors 
of  the  fields  in  the  structure.  Withe  the  complete 
set  of  modes  determined,  the  boundary-value  problem 
can  be  now  be  rigorously  formulated  by  the  method  of 
mode  matching,  as  previously  employed. 

MODES  IN  MICROSTRIP  REGION 

It  is  well  known  that  the  mode  functions  in  a 
parallel-plate  waveguide  may  be  determined  from  a 
transverse  equivalent  network,  as  shown  in  Fig.  2, 
together  with  the  waveguide  structure.  Here,  Kj  is 
the  propagation  constant  and  Z^  is  wave  imi^dances  of 
the  transmission  line  representing  the  i  medium, 
where  the  subscrip  i  may  stand  for  either  "a"  or  "m" 
to  denote  the  air  or  metal  region;  k  is  the  phase 
constant  of  plane  wave  In^free  space;  e.  is  the 
dielectric  constant  of  the  iCn  (air  or  metal;  region; 
and  e  e ^  is  the  effective  dielectric  constant  of  a 
guidetf"'  wave  supported  by  the  structure.  The 
resonance  condition  of  the  transverse  network  defines 
the  dispersion  relation  of  the  waveguide.  For 
example,  the  dispersion  relation  is  given  by 
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Z,tanK,v,  -  ZttcotKavm =0  ( l ) 

for  TE  and  TM  symmetric  modes  and  a  similar  equation 
can  be  obtained  for  the  antisymmetric  modes. 


Consider  the  general  case  where  both  air  and 
metal  regions  are  present,  w  $  0  and  w  0.  In  the 
limit  of  infinite  conductivAy  of  the  metal,  the  air 
region  i  self  becomes  an  ideal  parallel-plate 
waveguide  with  a  uniform  medium.  In  this  case,  the 
energy  of  a  mode  is  totally  within  the  air  region. 
When  the  conductivity  of  the  metal  region  is  very 
high,  but  finite,  most  of  the  energy  of  a  guided  mode 
will  remain  in  the  air  region,  with  an  evanescent 
tail  penetrating  into  the  metal.  For  simplicity, 
such  a  mode  will  be  referred  to  as  an  air  mode.  The 
class  of  air  modes  has  been  well  understood  and 
easily  accepted.  With  the  metal  taken  as  a  perfect 
conductor,  the  fields  can  not  exist  inside  the  metal 
and  it  is  irrelevant  to  talk  about  modes  in  a  metal 
layer.  To  see  the  effect  of  the  metal  as  a  good 
conductor  here,  it  is  necessary  to  look  for  another 
class  of  modes  which  are  less  understood  in  the  past. 


In  the  extrema  case  where  the  air  region  is 
absent,  we  have  a  parallel-plate  waveguide  and  the 
transverse  propagation  constant  in  the  metal  is 
given,  for  an  n  TE  or  TM  mode,  by 


KttVtt=  <n-i)rt,  (2) 

If  such  an  extreme  case  is  taken  as  an  unperturbed 
structure,  the  presence  of  an  air  region  can  then  be 
regarded  as  a  small  perturbation.  Thus,  a  metal  mode 
should  have  an  almost  real  transverse  propagation 
constant  as  in  the  case  of  the  unperturbed  waveguide. 
In  view  of  (1),  the  transverse  propagation  constant 
of  the  air  region  must  have  a  very  large  imaginary 
part.  This  means  that  the  fields  of  each  metal  mode 
vary  sinusoidally  in  the  metal  region  and  decay 
exponentially  at  a  very  fast  rate  in  the  air  region. 
Therefore,  the  energy  of  the  mode  is  distributed 
mainly  in  the  metal  region,  with  an  evanescent  tail 
penetrating  into  the  air  region.  For  simplicity,  a 
mode  with  most  of  its  energy  in  the  metal  region  will 
be  referred  to  as  a  metal  mode. 


To  invoke  the  concept  of  small  pertuvation  for 
the  analysis  of  metal  modes,  the  dispersion  relation 
in  (1)  can  be  manipulated  to  yield 


Kavm  = 


for  TE  modes 


for  TM  modes 


(3) 


for  the  case  of  symmetric  bisection.  Comparing  (3) 
with  (2),  we  see  that  the  perturbation  of  the  air 
region  on  a  metal  mode  depends  cirtically  on  Che 
thickness  of  the  air  region  for  TM  modes,  but  not  for 
TE  modes.  Physically,  when  the  thickness  of  the  air 
region  is  vanishingly  small,  Che  upper  perfect 
electric  conductor  is  sitting  directly  on  the  metal 
and  has  the  effect  of  a  perfect  electric  conductor  on 
a  mode  in  the  metal  region.  On  the  other  hand,  when 
the  air  region  is  sufficiently  thick,  the  effect  of 
the  upper  conductor  is  negligible  because  the  fields 
are  evanescent  in  the  air  region.  Since  the  wave 
impedance  of  a  TM  mode  is  very  large,  an  air  region 
of  large  thickness  has  the  effect  of  a  perfect 
magnetic  conductor,  instead  of  a  perfect  electric 


cord-'ctor,  sitting  directly  on  top  of  the  metal.  For 
the  case  of  Interest  here,  the  unperturbed  waveguide 
is  taken  as  a  metal  layer  with  a  semi-infinite  air 
region  above  it;  the  concept  of  small  perturbation  is 
still  applicable,  as  invoked  in  arriving  at  analytic 
expressions  given  in  (3). 

With  the  two  types  of  modes  systematically 
enumerated  above,  the  boundary-value  problem  for  the 
structure  depicted  in  Fig.  2  can  then  be  solved  by 
the  method  of  mode  matching  at  the  three  interfaces 
separating  the  constituent  regions,  as  in  the  case  of 
dielectric  strip  waveguides! 1 ,2] . 
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(a)  Original  mlcrcxtrlp  Structure 


(b)  Bisected  mlcroslrlp  Structure  with  the  axes  rotated 

Fig.  I.  Geomclrical  configuration  of  microstrip  line 


'V — PEC  or  PMC  SCorOC 


(a)  Planar  Waveguide  (b)  Equivalent  Network 
Fig.  2  Planar  waveguide  and  its  transverse  network 
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ABSTRACT-In  this  paper, f inline-displacement 
isolator  with  partial-heighted  ferrite  slab 
has  been  analysed.  The  finline  isolator  is 
fabricated.  The  measured  band  width  at  8  mm 
waveband  is  5  GHz. 


I.  INTRODUCTION 


The  structure  for  0<y<h2  is  divided  into 
three  regions.  Applying  the  transverse  res¬ 
onance  method(TRM),  each  region  replaces 
with  an  effective  medium  in  the  y- 
direction.  We  have 


ie2  =  £f  -  (kf/k. ) 2  (2) 

£et  =  £es  -  £t  -  (k</ko)2  (3) 


With  the  development  of  millimeter  wave 
technique,  a  number  of  passive  active 
integrated  components  have  ’  nvesti- 
gated.  However,  relatively  1  tention 
has  been  paid  to  the  developm  nonrec¬ 
iprocal  devices  such  as  cir^  ivors  and 
isolators.  In  many  communication  and  radar 
systems,  the  millimeter  wave  integrated 
isolator  is  one  of  the  key  devices.  The 
theoretical  investigation  of  finline  isola¬ 
tor  has  been  published.1 1  But  most  of  the 
papers  investigated  only  simple  models  of 
isolator  with  full-heighted  ferrite  slabs. 
In  this  paper  f inline-displacement  isolator 
with  partial-heighted  ferrite  slab  has  been 
analysed,  the  direction  of  magnetized  field 
is  parallel  to  the  broad  side  of  ferrite 
slab. 

A  set  of  curves  of  the  relations  between 
propagation  constants  and  parameters  of 
ferrite  material  and  isolator  configuration 
are  given. The  theoretical  prediction  agrees 
well  with  experimental  results. The  measured 
band  width  of  a  f inline-displacement  isola¬ 
tor  at  8  mm  waveband  is  5  GHz. 


II.  THEORETICAL  INVESTIGATION 


The  waveguide  structure  with  the  coordin¬ 
ate  system  is  shown  in  Fig.l.  When  an 
external  d.c.  magnetic  field  is  applied  in 
x-direction,  the  permeability  of  ferrite  is 
the  tensor  permeability. 


M,  0  0 

0  Ali  -j«, 
0  JAJU  JU, 


(1) 


Applying  the  TRM  again  in  the  x-direction, 
we  obtain 

Pi  -  Seiko  -  k«  =  £e2ko  -  k«  (4) 

The  normal  structure  is  replaced  with  a 
hypothetical  medium  in  which  the  effective 
dielectric  constant  is 

£eff  =  (ft/k  f  (5) 

Next,  the  structure  in  Fig.l  is  replaced 
by  a  shield  slot  line  structure.  Hence,  the 
analysis  procedure  is  based  on  Galerkin’s 
method  applied  in  the  Fourier  transform 
domain.  The  characteristic  equation  is 
obtained  by  employing  spectral  domain 
admittance  approach  as  usual. 
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The  propagation  constants  are  calculated  by 
putting  the  matrix  determinant  equal  to 
zero. 

The  accuracy  of  the  equation  solutions 
has  been  checked.  Curves  in  Fig. 2  show  the 
dispersion  characteristics  of  the  dominant 
mode  propagating  in  the  positive  and 
negative  z-directions .  With  introduction  of 
a  dielectric  layer,  a  larger  nonreciprocity 
has  been  achieved.  Fig. 3  shows  curves  for 
the  differential  phase  shift  as  a  function 
of  finline  substrate  location  in  the 
waveguide  wall.  It  is  worthwhile  to  note 
that  every  curve  takes  its  peak  at  the 
approximately  same  hi  value. 


First, we  analyse  the  structure  for  0<y<h2 
in  Fig.l.  The  hybrid  modes  of  the  region 
are  assumed  to  be  classified  into  Epq  and 
Epq.  It  is  noted  here  that  only  Epq  modes 
are  of  interest  because  E^q  modes  do  not 
exhibit  nonreciprocity.  The  analysis  is 
based  on  the  modified  effective  dielectric 
constant  method  for  the  structure  contain¬ 
ing  ferrite  layer. 


III.  EXPERIMENTAL  FINLINE- ISOLATOR 

Starting  with  the  knowledge  of  the 
theoretical  analysis  of  the  ferrite  loaded 
finline,  several  cross  sectional  structures 
for  the  finline  isolator  using  a  ferrite 
slab  are  investigated  experimentally. 
Finally,  the  sizes  of  structure  are  as 


335 

follows:  The  f inline  is  fabricated  on 
RT/Duroid  5880  dielectric  medium  with  a 
thickness  of  0.25  mm.  The  thickness  of  the 
ferrite  slab  is  1.2  mm.  Whereas  the  thick¬ 
ness  of  dielectric  spacer  is  1.4  mm.  Thin 
resistive  sheet  is  placed  on  the  left  side 
in  the  ferrite  slab.  The  total  length  of 
the  ferrite  slab  is  17.8  mm.  The  value  of 
the  d.c.  magnetic  field  Ho  is  7300  Oe.  Fig. 
4  shows  the  measured  results  of  the  forward 
and  the  reverse  loss. 


IV.  CONCLUSIONS 

Finline  structures  with  partial-heighted 
ferrite  slabs  are  studied  for  theory  and 
experiment.  It  is  found  that  an  optium 


Fig. 1  Cross-sectional  view  of 
the  finline  isolator. 


(  Al  mtn  ) 

Fig. 3  Differential  phase  shift 
versus  distance  hi. 
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condition  exists  for  the  dielectric  layer 
and  the  finline  location  in  the  waveguide. 
Furthermore, it  has  been  shown  that  material 
parameters  of  dielectric  spacer  and  ferrite 
samples  need  to  be  chosen  for  the  design 
procedure . 
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Fig. 2  Dispersion  characteristics  of 
the  dominant  mode  in  the  z 
direction. 
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Fig. 4  Characteristics  of  the  finline 
ferrite  isolator. 
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ABSTRACT 

Experimental  results  are  presented  for 
GaAs  MMIC  Lange  coupler  designs  in  both  the 
15  to  25  GHz  and  33  to  50  GHz  frequency 
ranges.  Coupler  insertion  loss,  return 
loss,  isolation,  and  differential  insertion 
phase  are  included. 

INTRODUCTION 

This  paper  describes  MMIC  Lange 
couplers  that  have  been  built  and  tested 
for  use  in  the  20  and  45  GHz  frequency 
ranges.  Performance  of  Lange  couplers 
fabricated  on  semi-insulating  GaAs 
substrates  has  been  previously  documented 
(1) ,  (2)  .  With  the  aid  of  improved 
measurement  capability  (3)  and  on-wafer 
thru-ref lect-line  (TRL)  calibration 
standards,  it  was  possible  to  make  precise 
coupler  measurements  to  50  GHz  without  de¬ 
embedding  the  microstrip  transitions  or 
accounting  for  test  fixture  losses. 

DESIGN 

Six  Lange  coupler  designs  were  built 
and  tested.  The  physical  parameters  of 
each  coupler  including  coupler  length,  line 
and  gap  widths,  and  metallization  thickness 
are  summarized  in  Table  1.  Substrate 
thickness  was  100  Jim.  Line  crossovers  were 
implemented  with  5.0  pm  wide  air  bridges. 
The  transition  from  the  coupler  to  50S2 
microstrip  was  a  45  degree  bevel  for 
couplers  1,  2,  4,  and  5  as  shown  in  Figure 
la.  The  transition  for  couplers  3  and  6 
was  a  stepped  transition  as  illustrated  in 
Figure  lb  (50  pm  length  of  70£2  microstrip 
and  a  45  degree  bevel  to  5012  microstrip)  . 
Capacitors  were  placed  across  each  end  of 
the  coupling  section  of  coupler  4  (25  fF) 
and  coupler  6  (15fF) . 

PERFORMANCE 

The  key  to  accurate  coupler 
measurements  was  an  accurate  calibration 
with  the  measurement  reference  plane 
located  just  prior  to  the  microstrip  to 
coupler  transition.  As  shown  in  Figure  1, 
couplers  are  accessed  through  ground- 
signal-ground  probe  patterns.  Three 
different  coupler  layouts  were  required  for 
each  design  since  only  2-port  measurements 
were  possible.  Two  assumptions  were  made 
to  generate  a  4-port  s-parameter  matrix 
form  the  three  sets  of  2-port  measurements. 
The  unused  terminated  ports  must  be 


terminated  with  50£2  loads  and  the  coupler 
must  be  symmetrical  (i.e.,  S11=S22=S33=S44; 
S12=S21=S34=S43;  S23=S32=S41=S14;  and 
S13=S31=S24=S42) . 

Plots  of  measured  insertion  loss, 
isolation,  and  return  loss  are  shown  in 
Figures  2  and  3  for  couplers  1  and  4 
respectively.  These  data  represent  the 
best  performance  in  each  frequency  band. 
The  loss  at  20  GHz  for  coupler  1  was  1.3  dB 
compared  to  1.7  dB  for  couplers  2  arid  3. 
The  return  loss  for  coupler  1  was  2  to  4  dB 
better  than  that  for  couplers  2  or  3.  The 
isolation  of  couplers  1  and  2  was  3  dB 
better  than  the  isolation  of  coupler  3. 
The  measured  coupler  characteristic  impe¬ 
dances  were  61f2  for  coupler  1  and  65f2  for 
couplers  2  and  3.  At  45  GHz,  couplers  4 
and  5  exhibited  very  similar  performance 
except  that  coupler  4  had  better  return 
loss.  The  loss  at  45  GHz  for  couplers  4 
and  5  was  1.2  dB  compared  to  1.7  dB  for 
coupler  6.  The  isolation  of  couplers  4  and 
5  was  17  dB  compared  to  14  dB  for  coupler 
6.  The  measured  coupler  characteristic 
impedances  were  58Q  for  coupler  4  and  64Q 
for  couplers  5  and  6. 

Figures  4  and  5  illustrate  the 
differential  phase  between  the  through  and 
coupled  ports  for  all  six  couplers.  The 
phase  offset  at  20  GHz  was  97  degrees  for 
couplers  1  and  2  and  101  degrees  for 
coupler  3.  The  phase  offset  at  45  GHz  was 
95  degrees  for  couplers  4  and  5  and  99 
degrees  for  coupler  6. 


CONCLUSIONS 

Accurate  measurements  of  several 
coupler  designs  have  been  presented. 
Insertion  loss  and  coupler  impedance  were 
higher  than  predicted  and  isolation  was 
lower  than  predicted  using  commercial  CAD 
software.  This  can  be  explained  by  the 
metallization  thickness  which  was 
approximately  one  skin  depth  at  20  GHz. 
Increasing  conductor  line  width  and 
thickness  should  reduce  the  insertion  loss 
(as  suggested  in  (2) )  and  optimize  the 
coupler  characteristic  impedance.  The 
coupler  should  be  designed  with  a  coupler 
impedance  which  is  lower  than  the  system 
impedance  by  an  amount  corresponding  to  the 
skin  effect  losses.  The  phase  offset  from 
phase  quadrature  has  not  been  fully 
evaluated,  but  (4)  suggests  that  it  is  due 
to  asymmetrical  configuration  of  the  air 
bridge  crossovers. 
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Table  1.  Physical  Parameters  for  6  Lange  Coupler  Designs 


(a)  (b) 

Figure  1.  GaAs  MMIC  Lange  Couplers  for  Use  at  (a)  20  GHz  and 

(b)  45  GHz 
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Figure  3  Insertion  loss,  Isolation,  and  Return  Loss  for  Coupler  4 
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Figure  4.  Differential  Insertion  Phase  for  Couplers  1, 2,  and 3 
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Figure  5.  Differential  Insertion  Phase  for  Couplers  4, 5,  and  6 


Figure  2.  Insertion  Loss,  Isolation,  and  Return  Loss  for  Coupler  I 
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At  a  solid  surface,  the  atoms  rearrange  with  respect 
to  their  periodic  position  such  as  to  establish  equili¬ 
brium  with  the  adjacent  vacuum  (1-2).  Rearrageraent 
seems  to  go  beyond  the  atonic  scale  for  polar  materials 
and  experimental  hints  have  been  given  by  different  me¬ 
thods  (5-4-5-0-7-9-9-10). 

Far  IR  spectroscopy  may  also  be  considered  for  this 
difficult  problem  since  it  i3  very  sensitive  to  small 
modifications  in  the  crystal  structure.  Far  IR  data  ob¬ 
tained  at  low  temperature  where  the  absorption  lines 
can  be  very  sharp,  will  be  discussed  for  some  hydrogen 
bonded  crystals:  TGS,  YGSe,  GASH  and  Rochelle  Salt 
(n-lu-15). 
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ABSTRACT 

High-quality  room-temperature  data  have  been  obtained  on 
single-crystal  sapphire  and  quartz  in  the  far  infrared  (y  =  50-200 
cm-1)  and  found  to  follow  the  expected  v 2  variation  (based  on 
the  fluctuation-dissipation  theorem,  e.g.,  Huber  and  Van  Vleck). 
An  extrapolation  to  lower  frequencies  following  the  v2  curve 
is  found  to  be  consistent  with  experimental  data  down  to  1 
cm  It  has  been  physically  argued  in  the  past  that  the  absorp¬ 
tion  mechanism  in  this  region  arises  from  broad  phonon  dif¬ 
ference  bands.  We  find  that  a  substantial  fraction  of  the 
observed  absorption  is  consistent  with  a  red-wing  extrapolation 
from  the  dominant  one-phonon  modes  seen  in  the  reflection 
spectrum.  A  combination  of  these  two  mechanisms  is  believed 
to  account  for  the  smooth  falloff  in  absorption  that  is  observed. 


infrared.  A  phenomenological  one-phonon  model  is  used  to  rep¬ 
resent  the  vibrational  bands  in  terms  of  the  relative  complex 
permittivity,  t(v): 


eM  =  e«  +  Yj 

j 


tej  "J 

2  2  > 
Vj  —  v  +  lyjv 


(2) 


where  AeJt  y j,  vj,  and  eM  are  the  Jlh  mode  strength,  line  width, 
transverse  optical  frequency,  and  high-frequency  permittivity, 
respectively.  This  model  satisfies  the  Kramers-Kronig  relation 
and  accurately  represents  experimental  reflection  data  and  the 
index  of  refraction.  The  absorption  coefficient  is  related  to  the 
complex  permittivity  by  the  formula 

k(v)  =  4nv  Im  [  \4(v)  ]  .  (3) 


INTRODUCTION 

The  ability  to  grow  high-quality  sapphire  and  quartz  makes 
these  two  materials  desirable  for  many  applications  in  the  in¬ 
frared  and  far  infrared.  A  simple,  but  descriptive,  model  of  mul¬ 
tiphonon  sum  bands  has  been  developed  to  describe  infrared 
absorption  in  the  region  of  transparency  for  these  materials  and 
others  (1,2)  on  the  blue  side  of  the  lattice  vibrational  bands. 
However,  the  far-infrared  window  region  (red  side  of  the  lat¬ 
tice  vibrational  bands)  does  not  in  general  lend  itself  to  a  sim¬ 
ple  description.  Many  materials  exhibit  extrinsic  absorption 
features  or  pronounced  multiphonon  difference  band  absorp¬ 
tion.  Because  of  the  purity  of  sapphire  and  quartz  single  crys¬ 
tals,  virtually  no  extrinsic  absorption  has  been  experimentally 
observed,  and  difference  bands  are  broad  and  show  no  struc¬ 
ture.  Because  of  this,  a  simple  approach  is  taken  to  character¬ 
ize  the  absorption  coefficient  from  1  to  100  cm-1  for 
single-crystal  sapphire  and  quartz. 

On  the  basis  of  theoretical  work  of  Van  Vleck  and  Huber 
(3)  the  absorption  coefficient,  as  the  frequency  becomes  small, 
goes  to  zero  as  v1  (v  is  a  wave  number  with  units  cm-')  mul¬ 
tiplied  by  the  line  shape  function.  A  simple  v2  falloff  will  dom¬ 
inate  in  two  cases.  The  first  is  the  far  red  wing  of  an  absorption 
band  (4)  and  the  second  is  for  broad  line  shape  functions  featur¬ 
ing  very  little  frequency  dependence  throughout  a  band.  It  is 
our  contention  that  these  conditions  arc  met  for  sapphire  and 
quartz  in  the  far  infrared,  because  the  absorption  is  dominated 
by  intrinsic  processes.  Thus,  the  simple  formula 

•'(>')  =  Av2  (1) 

can  be  used  to  represent  experimental  data  on  these  two 
materials. 


It  is  straightforward  to  show  that 

k(y  -  0)  =  Bv2  ,  (4) 

based  on  this  formula.  Thus  the  far-red-wing  absorption  of  the 
lattice  vibrational  bands  has  the  correct  theoretical  frequency 
dependence  using  this  model.  The  parameters  in  the  model  have 
been  experimentally  determined  for  sapphire  (5)  and  quartz  (6) 
for  both  the  ordinary  and  extraordinary  rays.  The  B  coefficient 
can  be  computed  on  the  basis  of  this  work.  However,  it  must 
be  emphasized  that  this  is  a  phenomenological  model  that  con¬ 
tains  some  correct  physics  but  not  everything  needed  to  make 
a  definitive  statement  on  the  far  red  wing  of  the  lattice  vibra¬ 
tional  bands. 

The  difference  phonon  bands  in  these  materials  are  broad  with 
no  experimentally  observed  structures.  Thus,  they  also  feature 
a  v2  falloff  as  argued  earlier.  The  difference  bands  are  at  least 
two-phonon  processes;  as  the  number  of  phonons  in  an  inter¬ 
action  increases,  so  does  the  width  of  the  difference  band.  In 
summary,  if  the  difference  bands  arc  broad  structures,  then  the 
net  absorption  coefficient  (the  sum  of  far  wing  and  difference 
bands  absorption)  must  follow  a  v2  falloff  as  v  —  0.  This  will 
occur  until  the  coefficient  gets  so  low  that  minor  defects  and 
impurities  become  important  or  the  difference  band  terminates. 

An  extensive  experimental  database  exists  for  sapphire  and 
quartz  between  50  and  200  cm " 1  (7,8,9).  The  data  follow  a  v2 
falloff  as  expected,  with  the  one  exception  of  the  ordinary  ray 
of  quartz  that  features  a  minor  absorption  band  at  128  cm -l. 
In  fact  Roberts  and  Coon  (7)  fit  their  data  to  a  function  of  the 
form  as  expressed  by  Eq.  (1)  based  on  Eq.  (2).  Of  course,  their 
parameters  are  not  consistent  with  the  work  on  the  one-phonon 
bands  by  Barker  (5)  and  Spitzer  and  Kleinman  (6)  because  they 
have  not  accounted  for  difference  bands. 


BACKGROUND 


RESULTS 


Specifically,  we  will  consider  the  far  red  wing  and  the  differ¬ 
ence  bands  of  the  lattice  vibrational  bands  that  occur  in  the  far 


The  first  point  of  this  paper  is  that  the  formula  used  by 
Roberts  and  Coon  (7)  can  be  extrapolated  below  50  to  1cm'1 


with  reasonable  confidence.  This  is  illustrated  in  Figs.  1  and  2 
for  sapphire  and  quartz,  respectively.  Recent  experimental  data 
taken  below  20  cm-1  on  the  ordinary  rays  of  sapphire  and 
quartz  are  also  presented  on  the  plots  (10-14).  The  experimen¬ 
ts  data  points  from  Birch  represent  a  mean  value  based  on  sever¬ 
al  measurements  of  the  same  sample  by  different  laboratories 

(a)  AI2O3  sapphire  ordinary  ray 
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Figure  1 

The  far-infrared  absorption  coefficient  of  sapphire: 
(a)  ordinary  ray,  (b)  ordinary  ray,  (c)  extraordinary  ray. 
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Figure  2 

The  far-infrared  absorption  coefficient  of  quartz: 
(a)  ordinary  ray,  (b)  extraordinary  ray. 


(10).  The  data  support  the  extrapolation.  The  large  error  in  data 
is  demonstrated  by  the  scatter,  yet  the  v1  curve  is  representa¬ 
tive  of  the  mean  result  (see  Fig.  lb  especially).  Also,  appreciat¬ 
ing  the  difficulty  in  collecting  accurate  data,  one  can  see  the 
need  for  knowing  the  frequency  dependence  of  the  absorption 
coefficient  in  this  region.  Unfortunately,  no  experimental  data 
exist  for  the  extraordinary  rays  of  sapphire  and  quartz. 

The  second  point  is  that  a  substantial  portion  of  the  absorp¬ 
tion  that  is  observed  in  the  far  infrared  is  coming  from  the  red 
wing  of  the  one-phonon  bands  (Figs,  la,  lc,  2a  and  2b).  In  the 
case  of  sapphire,  roughly  50%  of  the  absorption  is  from  the 
red  wing,  on  the  basis  of  the  one-phonon  model  of  Barker  for 
both  the  ordinary  and  extraordinary  rays.  In  the  case  of  quartz, 
the  ordinary  ray  is  dominated  by  the  red  wing  of  the  one-phonon 
bands,  as  expected,  because  the  one-phonon  bands  are  roughly 
an  order  of  magnitude  weaker  than  sapphire  and  thus  the  dif¬ 
ference  bands  in  quartz  should  be  correspondingly  weaker.  How¬ 
ever,  the  one-phonon  model  red  wing  overpredicts  the  absorption 
for  the  extraordinary  ray  of  quartz,  indicating  a  problem  pos¬ 
sibly  in  the  one-phonon  model  parameters  but  also  in  the  mod¬ 
el  itself.  Thus  the  one-phonon  red-wing  extrapolations  are 
suggestive  but  not  conclusive.  It  is  clear  that  both  the  differ¬ 
ence  bands  and  the  one-phonon  far  wings  contribute  in  this 
legion. 
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CONCLUSIONS 

A  case  is  made  for  a  simple  physical  model  of  far-infrared 
absorption  for  sapphire  and  quartz  based  on  the  fluctuation- 
dissipation  theorem  and  detail  balance.  This  allows  extrapola¬ 
tions  based  on  accurate  measurements  (50-200  cm-1).  Since 
only  transmission  techniques  have  been  used  thus  far,  it  is  strong¬ 
ly  recommended  that  calorimetry  techniques  using  high-power 
microwave  and  millimeter  wave  sources  be  attempted  in  the  fu¬ 
ture.  Such  techniques  will  greatly  improve  the  accuracy  of  data 
in  the  near-millimeter  region. 
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1  Introduction 

Far-infrared  and  submillimeter  wave 
measurements  are  very  important  in  the 
study  of  ferroelectric  phase  transitions 
because  the  soft  mode  which  concerns  the 
ferroelectricity  should  be  infrared 
active  both  in  the  paraelectric  and 
ferroelectric  phases. 

Recently,  in  some  ferroelectics  the 
critical  slowing  down  of  the  dielectric 
constant  has  been  observed  as  well  as 
the  soft  phonon  mode.  In  order  to 
interpret  the  dynamics  of  this  kind  of 
phase  transition,  the  following  two 
models  should  be  proposed: 

A)  There  is  only  one  phonon  which 
concerns  the  transition.  As  transition 
temperature  is  approached,  the  soft 
phonon  becomes  overdamped  and  then  in 
the  vicinity  of  Tc  becomes  a  pseudo- 
relaxational  mode. 

B)  There  exists  a  relaxational  mode  as 
well  as  the  soft  phonon.  Firstly,  the 
frequency  of  the  phonon  decreases  as  Tc 
is  approached,  by  the  coupling  effect 
with  the  soft  phonon  the  relaxational 
mode  becomes  soft  near  Tc. 

Ferroelectrics  lithium  heptagermanate 
Li2Ge701  5(abbreviated  to  LGOJundergoes 
the  phase  transition  suchas  mentioned 
above  at  TC=283.5K' -5'.  The  space  group 
in  paraelectric  phase  belongs  to  D2h-Pbcn 
and  that  in  the  ferroelectric  phase  to 
C2y  -Pbc2-j  with  the  spontaneous 
polarization  along  the  c-axis.  The  size 
of  the  unit  cell  does  not  change  at  the 
transition  (Z  =  4),  so  that  the  soft  mode 
should  locate  at  Brillouin  zone  center. 
From  the  symmetry  consideration  of  the 
space  group,  the  soft  mode  should  be 
both  infrared  and  Raman  active  in  the 
ferroelectric  phase,  whereas  it  should 
be  infrared  active  and  Raman  inactive 
in  the  paraelectric  phase. 

2  Experimental  results 

The  details  of  the  Raman  scattering2-5^ 
and  far-infrared  measurements5'''  have 
been  previously  reported.  Fig.1  shows 
spectra  observed  for  the  -a+c(bb)-a-c 
geometry  at  various  temperatures,  where 
the  A.]  pure  LO  modes  propagating  along 
the  polar  c-axis  were  observed.  The  fre¬ 
quency  of  lowest-lying  mode  at  43.5  cm-1 
at  201  K  decreases  as  Tc  is  approached 


from  below.  This  behaviour  is  very 
simillar  to  that  of  the  pure  TO  mode. 
The  LO-TO  splitting  of  the  soft  phonon 
is  smaller  than  1.0  cm-1  in  the  temper¬ 
ature  region  below  273  K. 

Figure  2  shows  the  FTIR  transmission 
spectra  at  various  temperatures  meas¬ 
ured  for  the  orientation  where  the 
electric  field  E  is  parallel  to  the 
polar  c-axis.  Thelowest  frequency  mode 
should  be  taken  as  the  soft  phonon  cor¬ 
responding  to  that  observed  by  Raman 
scattering.  The  frequency,  damping 
constant  and  oscillator  strength  for  the 
soft  mode  at  553  K  are  28  qm“  ,  7.5cm_1 
and  0.05,  respectively.  ''  The 
oscillator  strength  of  the  soft  phonon 
is  very  small  and  its  contribution  to 
the  dielectric  constant  dose  not  exceed 
0.1  even  at  Tc. 


Fig.1  Raman  spectra  of  LGO  at  various 
temperatures. 
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Figure  3  shows  the  temperature  depend¬ 
ence  of  the  frequencies  of  the  soft 
phonons  and  the  hard  modes  obtained 
by  Raman  scattering,  MP-FTIR,  and  BWO 
measurements .  “ 7 ' 

4  Discussion 

In  the  paraelectric  phase  the  B1u 
soft  phonon  mode  and  in  the  ferro¬ 
electric  phase  the  corresponding  totally 
symmetric  soft  phonon  mode  have  been 
observed.  Their  small  oscillator 
strength  and  small  contribution  to  the 
dielectric  constant  suggest  that  there 
must  be  a  relaxation  mode  which  should 
concerns  the  phase  transition  as  well  as 
the  soft  phonon  mode. 

The  critical  slowing-down  has  been 
observed  by  the  dielectric  dispersion 
measurements.  The  relaxational  frequency 
is  about  0.03  cm'  In  addition,  the 
existence  of  the  relaxational  mode  is 
suggested  in  terms  of  the  Brillouin 
scattering  study.9' 

Consequently,  the  ferroelectric  phase 
transition  of  LGO  is  associated  with 
the  polar  B-ju  soft  phonon  mode,  and 
in  the  vicinity  of  the  transition 
point  the  character  of  soft  mode  is 
"transferred"  from  the  phonon  to  the 
relaxational  mode. 
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FAR  IR  TRANSMISSION  SPECTRA  OF  ROCHELLE  SALT  AT  S  K. 


X.  Gerbaux  and  A.  Hadni 


University  of  NANCY  I 
BP.  239  -  54506  VANDOEUVRE  LES  NANCY 
FRANCE 


Ferroelec tricity  has  been  uncovered  in  Rochelle  Salt 
(RS)  by  Valasek  in  1920  (1).  RS  is  a  complicated  crystal  with 
four  molecules  [NaKC4  H4  Os  ,  4H2  O]  in  the  primitive  unit 
cell  (2).  Several  external  lattice  vibrations  have  been  observed 
in  the  10  -  100  cm*1  far  infrared  range  at  80  K  and  5  K  in 
crystal  plates  of  increasing  thickness  :  160-550  and  6,500  pm. 
At  80  K  absorption  increases  with  thickness  according  to  Beer's 
law.  At  5  K,  the  lower  frequency  absorption  line  (21  cm*1) 
seems  independent  of  thickness.  This  line  had  been  shown  to 
shift  to  a  lower  frequency  at  T  -  130  K,  and  to  disappear 
from  the  FIR  range  at  a  still  higher  temperature  (3).  More 
recently  (4)  it  has  been  ascribed  to  the  soft  mode  responsible 
for  the  FE  transition  with  a  resonant  behaviour  at  5  K  and  80 
K.  It  is  softening  into  a  relaxation  mode  whose  frequency  goes 
to  zero  when  temperature  increases  up  to  the  lower  Curie  tem¬ 
perature  (T[  «  255  K).  At  5  K  the  soft  mode  is  a  very  weakly 
damped  one,  and  we  have  to  take  into  account  the  instrumental 
function  for  the  discussion  of  the  effect  of  plate  thickness. 
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ABSTRACT 

We  have  designed  a  spectroscopic  sys¬ 
tem  for  the  measurement  of  the  spectral 
emissivities  at  wavelengths  between  1  pm 
and  16  pm  of  solid  surfaces  at  temperatures 
from  1000  K  to  1500  K.  As  reference  infra¬ 
red  radiator  we  have  designed  a  blackbody 
whose  emissivity  agrees  within  IX  with  com¬ 
mercial  standards.  We  have  applied  our  sys¬ 
tem  to  measure  the  spectral  emissivities 
and  the  characteristics  of  blackbodies  and 
various  commercial  infrared  radiators. 


sent  measured  temperature  and  spectral  in¬ 
tensity  of  the  sample.  Tub  and 
Sbb(^>Tbb)  those  of  the  blackbody.  Fur¬ 
thermore  t Ta  is  the  ambient  air  tempera¬ 
ture,  \  the  wavelength,  c  the  speed  of 
light,  h  Planck's  constant  and  k  Boltzmann's 
constant.  The  direct  experimental  determina¬ 
tion  of  the  emissivity  based  on  this  equa¬ 
tion  is  well  known  and  described  in  various 
papers  [4-9].  This  method  requires  well-de¬ 
fined  blackbody  reference  sources  for  the 
spectral  range  in  consideration. 


INTRODUCTION 

Two  experimental  procedures  are  com¬ 
monly  chosen  for  measuring  the  spectral 
thermal  emissivity  of  a  surface.  The  choice 
depends  on  the  temperature  of  the  surface. 
For  room  temperature  and  below  a  method 
based  on  Kirchhoff's  law  [1,2]  is  fa¬ 
voured.  This  law  states  that  the  spectral 
directional  emissivity  of  a  surface  equals 
its  spectral  directional  absorptivity.  At 
room  temperature  and  temperatures  below  the 
experimental  determination  of  the  absorp¬ 
tivity  and  the  related  reflectivity  is  sim¬ 
pler  and  more  reliable  than  the  direct 
measurement  of  the  emissivity.  As  a  conse¬ 
quence,  the  experimenters  measure  absorp- 
tivities  and  reflectivities  in  this  temper¬ 
ature  range  and  rely  on  Kirchhoff's  law 
when  evaluating  the  emissivity.  Most  of  the 
optical  and  infrared  data  of  surfaces  con¬ 
cern  room  temperature  and  temperatures  be¬ 
low  and,  consequently,  result  from  absorp¬ 
tion  and  reflection  measurements.  In  a  few 
cases,  Kirchhoff's  law  has  also  been  ap¬ 
plied  to  determine  the  emissivity  of  a  sur¬ 
face  at  higher  , temperatures,  e.g.  ref[3]. 
For  high  temperatures  absorption  measure¬ 
ments  are  cumbersome  because  of  the  self¬ 
radiation  of  the  surfaces  [3].  At  these 
temperatures  it  is  more  convenient  to  de¬ 
termine  the  spectral  directional  emissivity 
by  direct  measurement  of  the  radiation  from 
the  surface  and  its  comparison  with  the 
spectral  intensity  of  blackbody  radiation. 
The  spectral  emissivity  is  then  calculated 
with  the  aid  of  the  following  equation: 


SPECTROMETRIC  ARRANGEMENT 

For  the  measurement  of  the  spectral 
emissivity  e(\,Ts)  of  solid  surfaces  we 
apply  the  following  optical  system:  The 
thermal  radiation  emitted  by  the  sample  in 
the  direction  perpendicular  to  the  surface 
is  adapted  and  focused  to  the  entrance  slit 
of  a  McPherson  RS-10  grating  spectrophotome¬ 
ter  with  the  aid  of  a  Cassegrain  system.  At 
the  entrance  slit  the  radiation  is  chopped 
and  passed  through  a  low-pass  filter  which 
transmits  only  the  spectral  range  corre¬ 
sponding  to  the  first  order  of  the  grating. 
The  grating  of  the  spectrometer  is  exchange¬ 
able.  For  our  measurements  we  use  four  re¬ 
flecting  Echelette  gratings  with  600,  300, 
150  and  75  lines  per  mm.  Thus,  we  cover  the 
spectral  range  between  lO'OOO  cm-1  and  625 
cm-1  or  1  pm  and  16  pm  wavelength.  In  order 
to  match  this  wide  spectral  range  we  make 
use  of  four  different  detectors,  i.e.  a 
PbS-,  a  1  iquid-ni trogen  cooled  I nSb- ,  a 
liquid-nitrogen  cooled  HgCdTe-,  and  a  pyro¬ 
electric  detector.  They  are  mounted  alter¬ 
nately  in  a  position  close  to  the  exit  slit 
of  the  grating  spectrophotometer.  For  ampli¬ 
fication  of  the  detector  signal  and  filter¬ 
ing  of  noise  we  apply  a  lock-in  amplifier 
with  an  integration  time  between  1  and  10 
s.  The  wavelength-dependent  signals  are  read 
in  and  stored  by  a  desk  computer  for  subse¬ 
quent  evaluation.  This  computer  also  con¬ 
trols  the  spectrophotometer  and  auxiliary 
devices .  Because  of  the  long  integration 
time  of  the  lock-in  amplifier  which  is  re¬ 
quired  by  the  detectors,  the  measurements  of 
the  spectral  emissions  of  sample  and  black- 


e(X,Ts)  =  G  ■ 


Ss(X,Ts)  •  ((exp(hc/kXTBB)-l)'1-(exp(hc/k7.TA)-l)'1) 
Sbb(VTbb)  •((exp(hc/kXTs)-l)'1-(exp(hc/kXTA)-l)'1) 


In  this  relation, 
the  geometrical 
blackbody.  T$ 


G  indicates  the  ratio  of 
factors  of  sample  and 
and  SsU.Ts)  repre¬ 


body  reference  have  to  be  performed  alter¬ 
nately.  In  order  to  avoid  drift-effects  of 
the  detectors  the  periods  of  measurements 
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and  those  between  are  kept  as  short  as  pos¬ 
sible.  Remaining  drift-effects  are  elimi¬ 
nated  by  the  evaluation  program  of  the  desk 
computer. 


BLACKBODY  REFERENCE  SOURCE 

There  exists  a  large  variety  on  theo¬ 
retical  and  numerical  calculations  on  the 
characteristics  of  blackbody  sources  as 
function  of  size,  shape  and  wall  materials 
of  the  cavities,  e.g.  [10-25],  yet  instruc¬ 
tions  on  their  practical  design  are  less 
frequent,  e.g.  [26-32].  Since  commercially 
available  blackbody  radiators  do  not  satis¬ 
fy  our  demands,  we  had  to  design  our  own 
reference  radiator  [33].  Its  cavity  exhib¬ 
its  a  cylindrical  and  a  conical  part.  This 
shape  is  preferable  to  a  spherical  or  a 
purely  conical  or  cylindrical  form  because 
of  its  smaller  dependence  on  effects  re¬ 
lated  to  specular  reflections  on  the  inner 
cavity  walls.  From  calculations  we  per¬ 
formed  according  to  ref. [16]  and  experience 
with  our  own  measurements  on  commercial 
blackbodies  we  assume  that  our  blackbody 
exhibits  a  spectral  emissivity  c(X,Tbb) 
better  than  0.99  over  the  entire  spectral 
range  considered  [33]. 


STUDY  OF  COMMERCIAL  INFRARED  RADIATORS 

With  our  spectrometric  system  we  at¬ 
tempted  to  determine  the  spectral  emis¬ 
sivity  of  the  radiating  components  of  four 
different  technical  infrared  radiators, 
namely  radiators  by  "Krelus",  Hirschthal, 
Switzerland,  by  "Matherm",  Vi  1 leurbanne, 
France,  by  "Heraeus",  Hanau,  FRG  and  by 
"Salamander",  Infrared  International,  Eng¬ 
land.  The  two  radiators  first  mentioned 
consist  of  thin  metal  foils  mounted  on  a 
ceramic  support  and  heated  electrically. 
These  foils  are  used  as  primary  radiation 
source . 

We  have  preoxidized  the  stainless- 
steel  foils  on  the  "Krelus"  radiator  for  at 
least  12  hours  at  1173  K  in  order  to  pre¬ 
vent  drifts  on  the  thermal  emissivity  due 
to  oxidation  during  the  measurement.  The 
measurement  itself  was  performed  on  a  flat 
section  of  the  heating  foils  at  1073  K. 
Between  1  pm  and  12  pm  wavelength  the  emis¬ 
sivity  of  this  section  varies  slightly  be¬ 
tween  0.8  and  0.9  and  reaches  almost  1.0 
above  12  pm,  yet  it  drops  significantly 
above  14  pm.  The  emissivity  at  these  long 
wavelengths  may  be  affected  by  the  phenome¬ 
non  of  residual  radiation  ( "Reststrahlen" ) 
from  oxides  on  the  heating  foil. 

The  radiator  by  "Matherm"  is  very  sim¬ 
ilar  to  that  of  "Krelus",  but  Kanthal-like 
foils  are  used  as  radiation  source  instead 
of  stainless-steel  foils.  Since  it  was  not 
possible  to  measure  the  emissivity  on  the 
radiator  itself  we  determined  the  emis¬ 
sivity  of  separate  Kanthal-Al  samples.  We 
performed  two  types  of  measurements:  The 


foils  were  preoxidized  either  at  a  tempera¬ 
ture  of  »  1473  K  for  2  hrs  or  at  <•  1173  K 
for  15  hrs.  The  emissivities  of  both  samples 
are  significantly  lower  than  that  of  the 
“Krelus"  foils.  Furthermore,  both  show 
strong  quasi-periodic  variations  with  wave¬ 
length  due  to  interferences  in  the  alumini¬ 
um-oxide  layer  on  the  foils.  The  observed 
periods  correspond  to  a  layer  thickness  of 
■  2  pm  or  0.3  pm  respectively.  The  measured 
spectral  emissivities  are  in  reasonable 
agreement  with  the  published  total  emis¬ 
sivity  of  *  40X  for  Kanthal-Al  [34]. 

Infrared  radiators  with  quartz  tubes 
are  common  and  wide  spread.  The  radiator  of 
"Heraeus"  is  an  example.  In  this  radiator  an 
electrically  heated  metal  helix  inside  a 
quartz  tube  acts  as  primary  radiation 
source.  The  back  side  of  the  tube  is  gold 
coated  to  prevent  radiation  losses  in  the 
back  direction.  Because  of  this  gold  coating 
this  type  of  radiator  exhibits  a  strong  di¬ 
rectional  dependence  of  the  radiation. 
Hence,  we  oriented  the  radiator  for  our 
measurements  in  the  direction  of  maximum 
radiation  intensity.  Nevertheless,  the  meas¬ 
ured  emission  power  is  smaller  than  that  of 
a  "Krelus"  radiator  at  the  same  tempera¬ 
ture.  In  addition,  the  spectral  emissivity 
begins  to  drop  at  wavelengths  longer  than 
3  pm  because  of  the  decrease  of  the  quartz 
transmissivity  in  this  wavelength  range. 

The  heating  element  of  the  "Salamander" 
radiator  consists  of  a  ceramic  surface  which 
is  heated  by  inlaid  helices.  Because  of  very 
strong  temperature  variations  along  its  sur¬ 
face  we  have  not  been  able  to  perform  relia¬ 
ble  measurements  on  the  spectral  emission 
of  this  radiator. 


CONCLUSION 

We  have  built  a  spectrometric  system 
including  a  reference  blackbody  in  order  to 
measure  spectral  emissivities  of  technical 
infrared  radiators  at  wavelengths  between 
1  pm  and  16  pm.  The  comparison  of  our  refer¬ 
ence  blackbody  with  commercial  blackbodies 
shows  agreement  within  1%.  With  our  spectro¬ 
metric  system  we  have  succeeded  to  measure 
the  emissivities  and  to  determine  the  char¬ 
acteristics  of  various  commercial  radiators. 
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ABSTRACT 

We  report  on  an  extensive  experimental 
and  theoretical  study  of  the  influence  of 
ir  and  vis  characteristics  of  glasses,  de¬ 
sign  and  position  of  fenestrations,  atmos¬ 
pheric  and  solar  conditions,  free  and 
forced  convection  on  the  energy  transfer 
through  windows. 


INTRODUCTION 

The  energy  transfer  through  windows 
has  a  significant  influence  on  the  energy 
consumption  of  buildings.  After  an  extended 
study  of  the  influence  of  infrared  and  so¬ 
lar  radiation  on  the  energy  balance  of  win¬ 
dows  [e.g.  1-3]  we  have  therefore  investi¬ 
gated  the  energy  performance  of  convention¬ 
al  and  advanced  multiple-glazed  windows 
[4].  The  aim  of  our  study  was  to  gain  a  de¬ 
tailed  knowledge  of  the  physical  phenomena 
controlling  the  energy  transfer  through 
different  types  of  fenestrations.  Conse¬ 
quently,  we  have  devised  a  simple  charac¬ 
terization  of  multiple  glazings,  which 
allows  us  to  compare  different  windows  sub¬ 
ject  to  arbitrary  environmental  conditions 
and  to  discuss  their  energy  performance. 


EXPERIMENTAL  STUDIES 

In  order  to  determine  the  spectral 
properties  of  windows  we  have  first  meas¬ 
ured  the  spectral  transmittance  and  reflec¬ 
tance  of  many  commercial  glazings  with  two 
double-beam  spectrometers  in  the  wave¬ 
length  range  between  200  nm  and  45  pm.  From 
these  spectra  we  have  calculated  the  data 
of  single  and  multiple  glazings  relevant 
with  respect  to  solar  and  thermal  radia¬ 
tion. 

In  addition,  we  have  performed  in-situ 
measurements  on  a  text  cabin  at  EMPA,  Dii- 
bendorf,  Switzerland.  This  cabin  has  been 
equipped  with  two  different  windows,  a 
"Float"  triple  glazing  and  a  "Silverstar" 
double  glazing.  We  have  measured  the  sur¬ 
face  temperature  of  the  individual  glass 
panes  with  thermocouples  and  with  radiome¬ 
ters.  Simultaneously,  we  have  determined 
ambient  air  temperatures,  global  wind  speed 
and  direction  as  well  as  solar  and  thermal 
background  radiation.  The  data  habe  been 
stored  by  a  personal  computer. 

Furthermore,  we  have  determined  the 


forced  convective  heat  transfer  at  the  out¬ 
side  surface  of  the  multiple  glazings  of  our 
test  cabin.  We  have  derived  these  specific 
data  from  additional  investigations  on  the 
convective  heat  loss  of  the  glazings  on 
scaled  models  of  the  test  cabin  in  a  water 
channel  and  in  a  wind  tunnel.  Thus,  we  have 
demonstrated  that  the  forced-convective- 
heat-transfer  coefficient  strongly  depends 
on  the  wind  direction,  the  position  on  the 
building  envelope  and  the  shape  of  .  the 
building.  Ue  have  observed  a  maximum  convec- 
tive-heat-transfer  coefficient  when  the  air 
flow  is  turbulent  at  the  windows.  However, 
we  have  to  emphasize  that  the  relation  be¬ 
tween  this  coefficient  and  the  global  wind 
velocity  presented  in  this  study  is  valid 
only  for  buildings  with  shapes  corresponding 
to  our  test  cabin.  Therefore,  there  still 
exists  the  need  for  a  general  relation  which 
is  valid  approximately  for  all  building 
geometries. 


COMPUTER  MODEL 

Finally,  we  have  designed  a  theoretical 
computer  model  of  the  energy  transfer 
through  fenestrations  based  on  the  assump¬ 
tions  of  steady-state  conditions.  It  in¬ 
cludes  heat  transfer  by  convection,  conduc¬ 
tion  and  radiation  and  allows  us  to  simulate 
the  performance  of  windows.  We  have  found 
excellent  agreement  between  the  simulated 
data  of  the  glass-pane  temperatures  and  the 
in-situ  measured  glass  temperatures.  Never¬ 
theless,  it  should  be  noticed,  that  this 
model,  which  is  applicable  to  arbitrary 
fenestration  systems,  is  restricted  to  slow¬ 
ly  varying  environmental  conditions.  With 
the  described  computer  model  we  have  inves¬ 
tigated  the  energy  performance,  i.e.  the 
U-value,  of  three  selected  multiple  glazings 
for  a  wide  range  of  environmental  conditions 
for  missing  solar  radiation.  In  these  cases 
we  have  not  found  a  simple  relation  between 
the  U-value  and  the  environmental  parame¬ 
ters,  except  for  the  situation  where  the 
outdoor  surroundings  are  at  the  outdoor-air 
temperature.  Our  latest  investigations  on 
the  energy  performance  of  fenestrations  took 
into  account  incident  solar  radiation.  This 
resulted  in  a  nearly  linear  relationship 
between  the  intensity  of  incident  solar  ra¬ 
diation  and  the  solar-heat  gain.  Therefore, 
we  have  introduced  a  solar-heat-gain  coeffi¬ 
cient  which  in  a  good  approximation  is  inde¬ 
pendent  of  environmental  parameters. 
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CONCLUSIONS 

In  conclusion  our  investigations  have 
demonstrated  that  low-emissivity  coatings 
applied  in  double  glazings  improve  signifi¬ 
cantly  the  energy  performance  in  the  ab¬ 
sence  of  solar  radiation.  Yet,  clear  double 
glazings  allow  better  utilization  of  solar 
energy.  Finally,  we  have  to  mention  that 
only  an  annual  energy  analysis  with  respect 
to  the  special  requirements  of  each  indi¬ 
vidual  building  can  take  into  account  in 
detail  energy  gains,  losses  and  the  wide 
variation  of  U-values  of  fenestrations.  Our 
computer  model  can  be  extended  to  this  kind 
of  analysis. 

This  study  was  supported  by  NEFF  (Na¬ 
tional  Energy  Research  Foundation)  and  ETH 
Zurich. 
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Model  of  test  cabin  in  the  water  tank: 

Water  flow  0.13  m/s  normal  to  the  front  surface  with 
the  two  windows.  The  obstacles  in  front  of  the  cabin 
cause  a  turbulent  flow  on  one  window  whilst  the  flow 
on  the  other  window  remains  laminar. 
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EFFECT  CF  TEMPORATURE  ON  IR-ABSORPTION  OF  DIPHENYL 

By:  K.I.  Nasser  t  M.A.  Moharram  ,  Physics  Department 
Natl  Research  Ctr. 

Dokki,  Cairo,  Egypt. 


Abstract : 

In  this  work,  the  temperature  dependence  of 
the  intensities  of  the  IR  absorption  bands 
corresponding  to  the  fundamental  vibrations, 
overtones  and  combination  frequencies  of  dip¬ 
henyl  is  presented.  A  thorough  discussion  of 
the  interpretation  of  the  fundamental  modes 
of  vibration  has  been  made  on  the  basis  of 
the  temperature  dependence  of  the  intensities 
of  these  absorption  bands. 

The  structure  of  l.h«.  diphenyl  molecule  has 
been  the  subject  of  numerous  investigations. 
Despite  a  considerable  amount  of  work  on  the 
Raman ^ ,IR 'and  ultraviolet^ 2 ^spectra, 
the  assignment  of  the  fundamental  frequencies 
has  not  yet  been  established  with  certainty. 
Some  assistance  can  be  obtained  from  the 
temperature  dependence  of  the  IR  spectrum  of 
this  material. 

Discussion: 

The  effect  of  various  peculiarities  of  an 
intramolecular  vibration,  namely  its  symme¬ 
try,  form  unharmonisity,  etc.,  on  the  temper¬ 
ature  variation  of  the  shape  ,  halfwide  and 
frequency  location  of  the  corresponding 
absorption  bands  is  of  substantial  interest 
for  the  theory  of  vibrational  spectra  and 
the  practice  of  molecular  spectral  investi¬ 
gations. 

This  work  presents  a  wide  investigation  of 

the  effect  of  temperature  on  the  infrared 

absorption  bands  of  liquid  diphenyl  between 

its  melting  and  bc-iling  points  (70-  254°C  ). 

In  the  discussion  of  the  spectra  of  Diphenyl , 

one  has  to  consider  the  D„,  model.  On  the 

2h 

basis  of  the  interpretations  of  Katon, Kovner 
and  Pergudov,  the  discussion  of  the  results 
of  zho  present  work  is  given.  Tables (1,2  &  3) 
show  the  results  of  the  effect  of  temperature 
on  the  liquid  diphenyl. 


Conclusion: 

It  could  be  concluded  that  all  the  bands 
belonging  to  B  symmetry  class  whether 
they  are  non-planar  C-C  vibrations  or  C-H 
bending  vibrations  are  temperature  depen¬ 
dent.  The  intensity  of  eacr.  band  decreases 
by  32.8%  per  100°C. 

The  plahar  C-C  absorption  bands  whether 
they  belong  to  or  B^u  symmetry  classes 
are  less  temperature  dependent  and  the 
decrease  in  intensity  of  each  band  is  about 
14.4%  per  100cC. 

The  planar  C-H  bending  vibrations  at  1075 
cm  1  belongs  to  the  symmetry  class  B^. 

This  band  is  temp,  dependent  and  its  in¬ 
tensity  decreases  by  nearly  32.8%  per  10C°C 
Which  is  similar  to  the  decrease  in  the  b 
bands  belonging  to  the  symmetry  class  B  . 
The  band  at  1180  cm  ^  was  assigned  by 
Kovner  to  belong  to  the  symmetry  class  B^u 
and  has  been  confirmed  by  the  present  work. 
Its  temperature  dependence  resembles  that 
of  the  band  at  3043  cm  ,  which  belongs 
to  the  symmetry  class  B3u  and  decreases 
by  about  26.5%  per  100°C  Fig.(3A)  iine(c) 

It  could  a] so  be  noticed  that  the  decrease 
in  intensity  for  all  these  bands  is  linear. 
The  changes  of  the  intensities  of  the  C-H 
stretching  vibratic:  s,  cvertones  and  comb¬ 
inations  with  temperature  are  different  as 
discussed  earlier  in  this  work. 
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ABSTRACT 

The  apparatus  to  measure  precisely  di¬ 
electric  constant  of  a  high  loss  material  at 
£=35GHZ  has  been  composed.  By  using  this  the 
complex  dielectric  constant(  e=  s'  -  j  t"  )  of 
KH2P0^(KDP)  has  been  determined  in  the  tem¬ 
perature  region  from  -160f/C  to  0~C.  The  tem¬ 
perature  dependence  of  e'  shows  a  double 
peaks  around  the  Curie  temperature  Tc,  which 
characterizes  the  critical  slowing  down  of 
the  dielectric  response.  The  maximum  values 
of  e'  and  e"  reach  480  and  350  near  Tc, 
respectively. 


INTRODUCTION 

Recently  dielectric  measurements  of  a 
high  loss  material  at  frequencies  from  micro- 
wave  range  to  millimeter  wave  range  have  been 
required  in  the  various  researches.  In  the 
study  of  the  ferroelectric  phase  transition, 
the  dielectric  measurements  (I , 2 ]  for  the 
lossy  substances  in  the  wide  frequency  range 
( 103  -  10*2hz)  have  central  importance  to 
clarify  the  behavior  of  soft  mode,  which  rep¬ 
resents  the  main  concept  of  all  dynamical 
theories  of  structural  phase  transition.  So 
far  the  measurements  at  frequencies  from 
microwave  to  millimeter  wave  range  have  not 
been  fully  done.  In  Che  present  report  the 
complex  dielectric  constant  of  KDP  attract¬ 
ing  intense  interest  in  the  phase  transition 
mechanism  was  determined  at  35GHZ  by  measur¬ 
ing.  the  transmission  coefficient  of  a  slab  of 
KDP  inserted  into  a  rectangular  waveguide. 
This  method  is  similar  Co  that  used  by  Jackie 
C.3 } .  Several  improvements  have  been  done  for 
the  measuring  apparatus. 


EXPERIMENTAL 

The  transmission  coefficient  T  of  the 
sample  with  thickness  d  is  given  for  the  TEjq 
mode  by  the  following  relation: 


with 


and 


T=  t-  exp(-in) 


b0  +  b  , 


(  l-r2)exp(-i2Trbd/X) 
!-r2exp(-i47ibd/A) 

(  1) 

b0=  J l-(X/2a) 2 


-F 


U/2a)‘ 


where  t  and  r)  are  respectively  the  amplitude 


ratio  of  the  transmitted  wave  to  the  inci¬ 
dent  wave  and  the  phase  change  caused  by 
the  insertion  of  the  sample.  The  wavelength 
A  is  the  free  space  wavelength,  a  the  width 
of  the  waveguide.  As  the  quantities  X,  d 
and  a  are  known,  e  can  be  determined  by 
measuring  r)  and  t. 

Transmission  coefficient  was  measured 
by  using  the  millimeter  wave  bridge  shown 
in  Fig.  1.  The  measurement  was  done  by 
adjusting  che  attenuator  tnd  the  phase 
shifter  for  zero  voltmet  reading,  when 
the  sample  is  present  and  when  it  is  not 
present.  The  differences  of  the  attenuation 
and  the  phase  corresponding  to  these  set¬ 
tings  are  (S2~S])dB  and  (n2-r)|)  radian, 
respectively.  Thus  t  and  q  in  eq(l)  are 
given  by  the  following  relations: 


1±  -  ,0<S2-Sl >/20 


(2) 


n=  n2-n,+  2Tib0d/x, 


(3) 


where  2irbQd/X  shows  the  phase  change  caused 
by  air  of  Che  same  thickness  as  the  sample. 
Improved  points  in  the  present  experiment 
are  as  follows:  {1}  The  attenuators  were 
inserted  in  the  waveguide  of  both  sides  of 
the  sample.  These  are  effective  to  remove 
unwanted  multirefrections  between  the 
sample  and  the  others,  such  as  the  isolator 
,  the  H-bend  and  the  coupler,  so  that  T  be- 
coms  independent  to  the  position  of  the 
sample  mounted  to  the  waveguide.  {2}  To 
compensate  for  the  variations  in  tempera¬ 
ture  and  humidity  in  the  waveguide,  the 
reference  arm  was  kept  at  the  same  condi¬ 
tion  as  the  sample  arm.  Thus  the  phase  and 
the  attenuation,  when  the  sample  is  not 
present,  do  not  depend  on  temperature  and 
constant  within  the  experimental  errors  as 
shown  in  Fig. 2. 

The  crystal  slab  of  the  sample  was 
0.44x3.60x7.10  mm2  in  size.  Silver  paste 
was  used  to  fit  the  sample  tightly  to  the 
waveguide  wall.  Some  reference  samples, 
such  as  teflon,  micalex  were  used  to  check 
the  accuracy  of  this  apparatus.  The  errors 
in  e'  and  e-**  were  less  than  3%  and  5%, 
respectively.  The  temperature  in  the  ther¬ 
mostat  was  controlled  within  ±0.l°C. 

Figure  3  shows  the  temperature  depen¬ 
dence  of  e'  along  the  ferroelectric  c  axis 
of  KDP.  The  curve  shows  a  double  peaks 
around  Tc.  which  characterizes  the  critical 
slowing  down  of  the  dielectric  response. 

The  maximum  value  of  e'  reaches  450  and  the 
one  of  about  350.  The  latter  value  will 
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be  reported  in  the  conference  in  detail. 
c'  over  the  wide  temperature  region  is  shown 
by  small  circles  in  Fig.  4  together  with 
that  in  the  submillimeter  range  obtained  by 
Volkov  et  al.  (4).  The  value  of  e'  in  the 
present  measurement  is  fairly  large  around 
Tc  in  comparison  with  the  values  in  the  sub¬ 
millimeter  measurements .  This  fact  indicate 
that  remarkable  frequency  dispersion  is  ex¬ 
pected  in  the  frequency  region  from  micro- 
wave  to  millimeter  wave. 
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Figure  1 

Block  diagram  of  millimeter 
wave  bridge 


Figure  3 

Temperature  dependence  of  e' 
along  the  ferroelectric  c  axis 
of  KH2P04  at  35GHZ 


Figure  4 

Comparison  of  the  present  data 
with  the  submillimeter  ones 


Figure  2 

Temperature  dependences  of  the 
phase  r||  and  the  attenuation  Sj 
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The  methyl  alcohol  and  methylamine  molecules 
both  are  notable  for  their  large-amplitude  CH3 
torsional  motions,  while  methylamine  has  a  second 
large-amplitude  motion  in  the  inversion  or 
"wagging"  of  the  NH2  group.  As  well,  both 
molecules  are  notable  in  having  strong  infrared 
(IR)  C-0  or  C-N  stretching  bands  which  overlap 
well  with  the  C02  laser  bands,  and  thereby  provide 
numerous  opportunities  for  optical  pumping  and  FIR 
laser  line  emission.  Although  the 
torsion-rotation  structure  of  the  ground  and 
excited  state  energy  level  manifolds  is  quite 
complex,  sustained  spectroscopic  effort  over  the 
last  decade  has  led  to  a  reasonable  understanding 
and  accurate  mapping  of  substantial  portions  of 
these  manifolds.  In  addition  to  the  principal 
species  of  CH30H  (1-8)  and  CH3NH2,(9-11)  several 
isotopic  variants  of  the  former  have  been  studied, 
including  13CH30H  (12,  13),  CH3l,OH  (14,  15)  and 
CD3OH  (16). 

There  are,  however,  other  vibrational  modes 
of  these  molecules,  as  well  as  highly-excited 
torsional  modes  of  the  ground  state,  which  also 
have  IR  bands  in  the  C02  laser  region  but  of  very 
much  lower  intensity  than  the  C-0  or  C-N 
stretching  fundamental.  These  bands  are  not 
readily  amenable  to  observation  by  normal 
high-resolution  IR  absorption  spectroscopy,  so 
that  the  energy  level  structures  of  their  parent 
inodes  are  not  yet  well  understood.  Their  presence 
and  locations  can  nevertheless  be  revealed  on  the 
one  hand  by  a  variety  of  interactions  with  the 
stretching  modes  resulting  in  observable 
perturbations  to  particular  levels  of  the  latter, 
and  on  the  other  by  occasional  coincidences  with 
C02  laser  lines  which  are  strong  enough  to  pump 
the  weak  absorptions  to  give  detectable  FIR  laser 
lines  (17)  or  to  yield  laser  Stark  spectra  (18). 
Thus,  for  these  weak  modes,  the  IR  and  FIR 
spectroscopic  observations  do  not  generally  give 
an  overall  view  of  the  energy  manifolds,  but 
rather  permit  periscopic  peeks  up  into  the  excited 
states  for  small  localized  regions  of  the  energy 
level  structure. 

The  presence  of  apparent  perturbations  was 
first  observed  for  the  (mK)  =  (010)  levels  of  A 
torsional  symmetry  in  the  diode  laser  spectrum  of 
the  C-0  stretch  band  of  CH30H  by  Sattler  et  al. 

(1).  Subsequently,  Henningsen  observed  and 
characterized  other  strong  perturbation- induced 
shifts  an'd  mixings  in  this  band  from  assignments 
and  analysis  of  FIR  laser  lines  (2,  4).  The 
analogous  C-0  stretch  band  of  CD3011  was  studied  by 
Weber  and-  Maker  (16),  who  pointed  out  the 
possibility  of  Fermi  resonance  between  the  C-0 
stretch  state  and  high-lying  torsional  levels  of 
the  ground  state  and  were  thereby  able  to  account 
for  observed  shifts  in  both  CD30H  and  CH30H. 
Henningsen  then  made  further  significant  progress 
in  accounting  for  the  anomalous  torsional  barrier 
height  in  the  n=l  torsional  state  of  the  C-0 
stretch  as  the  result  of  interaction  with  the  0-11 
bending  mode,  (5)  and  particularly  in  identifying 
the  strong  mixing  and  shift  of  (nrK)  “  (025)  and 
(016)  levels  as  due  to  Coriolis  interaction  with 
the  CH3  rocking  mode,  the  mysterious  "X-state" 
(3). 


In  this  paper,  we  will  review  the  information 
on  vibrational  interactions  so  far  obtained  from 
perturbations  and  FIR  laser  emission,  and  present 
some  recent  new  data  on  additional  perturbations 
observed  for  several  isotopic  species  of  methanol 
and  for  methylamine. 
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ABSTRACT 

Electric  field  effect  on  absorption  in  some  pump 
transitions  of  CHsOH  fir  laser  lines  is  analysed  in 
terms  of  zero-field  level-crossing  effect  with 
reference  to  homogeneous  linewidths  observed  in 
intermodulated  absorption  method  with  photoacoustic 
etection. 

INTRODUCTION 

Since  the  first  report  on  Stark  effect  on  the 
•196-juni  laser  line  of  CH;  F  pumped  with  the  CO;  9P(  16 ) 
by  Tobin  and  Jensen[l],  electric  field  effect  on 
optically  pumped  FIR  laser  lines  has  attracted 
considerable  attention.  It  has  been  reported  on  many 
fir  laser  lines  exhibiting  first  order  Stark  effect 
that  the  output  power  is  enhanced  when  an  weak  static 
electric  field  is  applied  to  laser  medium 
perpendicular  to  the  direction  of  polarization  of 
both  pump  and  fir  laser  fields(l,2,3].  Such  an 
enhancement  is  accompanied  with  an  increase  in 
absorption  of  the  ^-component  of  infrared  pump 
transition  of  a  given  fir  laser  line.  In  the 
meantime,  Zeeman  laser  theory  has  been  applied  to  an 
HOOOH  fir  laser  operating  under  the  influence  of 
static  electric  fieldllj.  Electric  field  dependence 
of  the  fir  output  power  can  be  reproduced  on  some  fir 
laser  lines  for  which  no  absorption  increase  in  pump 
transition  nor  fir  power  enhancement  is  observed. 
Therefore,  the  fir  power  enhancement  seems  to  be  the 
direct  consequence  of  the  absorption  increase  in  pump 
transition. 

The  absorption  increase  in  infrared  pump 
transition  has  teen  reported  on  several  fir  lines  of 
CH-.OH  and  CH;F  b*  Inguscio  et  a]  12).  Nonlinear  Hanle 
effect  ca>;s*d  Lj  diffei-ent.  saturation  of  Stark 
components  :  f  an  inhomogeneouslv  broadened  transition 
has  teen  proposed  for  the  origin  of  the  absorption 
increase! 5,0] . 

IEVEL-CROSSING  SIGNALS  IN  SATURATED  ABSORPTION 

We  have  recently  reported  absorption  profile  for 
o-transition  in  a  degenerate  two-level  system  as  a 
funeiton  of  applied  electric  field  in  an 

approximation  to  fourth  order  of  incident  radiation 
field  in  density  matrix  formalism! 7).  The  expression 
for  power  absorbed  per  unit  volume  of  a  medium  under 
the  influence  of  applied  static  electric  field 

contains  two  narrow  and  two  broad  Lorentzians  as  a 
function  of  sublevel  splitting  in  the  upper  and  lower 
levels.  The  narrow  ones  come  from  purely  coherent 
effect,  while  the  broad  ones  from  population  effect. 
All  of  Item  give  rise  to  level  crossing  signals.  A 
typical  absorption  profile  is  shown  in  Fig.l.  The 

central  dip  is  the  manifestation  of  level -crossing. 

In  order  to  compare  the  theoretical  absorption 
profile  with  experimental  observation,  we  need 
relaxation  constants  and  sublevel  splitting.  The 
former  quantities  are  not  available  even  now  except  * 


for  on  a  very  limited  number  of  fir  laser  lines.  One 
of  the  most  well-investigated  lines  may  be  the 
118.8-«m  line  of  '^Ok-OH  pumped  with  CO;  9P(36). 
Therefore,  we  focus  upon  this  line  for  a  while.  The 
pump  transition  of  this  line  was  assigned  as  vs  0-1, 
qQ( 018, 1 6 )  by  Henningseri[81.  The  sublevel  splitting 
in  the  upper  and  lower  levels  can  be  calculated  from 
effective  rotational  quantum  number! 9J.  The  relax¬ 
ation  constants  of  the  upper) T , ),  the  lower) F;  )  and 
optical  coherence) T)  were  estimated  by  Heppner  et  all 
10 J.  No  relaxation  constants  ( 7" ’ )  between  sublevels 
in  the  upper  and  lower  levels  have  teen  reported. 

HOMOGENEOUS  LINEWIDTHS 

In  this  work,  we  report  homogeneous  width  of  the 
pump  line  of  the  118.8-/im  line  measured  with 
intermodulated  saturated-absorption  method 
incorporated  with  photoacoustic  detection.  The  beam 
from  a  cw  CO;  laser  operating  on  9P( 36 >  line  splits 
into  two  teams  in  a  beam  splitter.  The  two  beams, 
chopped  at  different  frequencies  of  360  Hz  and  540 
Hz,  respectively  are  let  into  an  absorption  cell  with 
approximately  12  cm  In  length  in  a  counter 
propagation  scheme.  Absorption  in  the  cell  was 
detected  as  photoacoustic  signal  at  the  sum  frequency 
of  900  Hz  with  an  electret  microphone  whose  output 
was  fed  into  a  lock-in  amplifier.  As  the  frequency 
of  the  CO;  laser  was  scanned  across  the  Doppler  gain 
curve,  Doppler-free  absorption  signal  was  recorded  on 
a  chart  recoider.  Typical  DoppJet  -  free  profiles  are 
reproduced  in  Fig. 2  for  different  pressures  (no 
buffer  gas  used).  The  absorption  line  offset  from 
the  9P136)  line  center  by  +23.0  ±  5  MHz  which  is 
compared  with  the  value  of  +2?  2  MHz  reported  by 
Henningsen.  The  absorption  pro'  les  are  asymmetric 
owing  to  intensity  variation  of  the  00;  line.  After 
taking  this  effect  into  accounts,  1 inewidth  (HWHM)  is 
plotted  as  a  function  of  pressure  in  Fig. 3.  One 
obtains  a  value  of  17.9  MHz/Torr  for  pressure 
coefficient  of  7/2tt.  This  value  is  smaller  compared 
with  a  value  of  24  MHz/Torr  that  is  calculated  from 
the  values  of  T ,  and  T ;  in  110],  under  the  assumption 
that  all  collisions  are  energy-changing.  It  is 
noted  that  there  is  an  uncertainty  in  the  linearlity 
in  frequency  scanning  in  this  work.  In  Fig. 4,  an 
observed  level-crossing  signal  is  compared  with 
theoretical  ones  calculated  from  two  sets  of 
relaxation  constants. 

Calculated  level-crossing  signals  for  some  pump 
transitions  of  CH.s0H  cw  fir  laser  lines  are  shown  in 
Fig.f).  All  the  relaxation  constants  are  assumed  to 
be  equal  with  each  other  with  pressure  coefficient  of 
20  MHz/Torr. 

CONCLUSION 

Electric  field  effect  on  some  ir  transitions  in 
CHrOH  which  produce  fir  laser  lines  are  reported. 
Le\ el-crossing  signals  may  be  used  for  determining 


355 


Th7.4 


relaxation  constans  7  and  7  * ,  and  also  be  usefull  for 
assignment  of  transitions. 
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Figure  4.  Homogeneous  linewidth  (HV/HM)  as  a  function  of 
pressure. 
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Figure  5.  Calculated  level-crossing  signals  of  some  pump 
transitions  of  l2CHsOH  cw  fir  laser  lines.  All  the 
relaxation  constants  are  assumed  to  have  the  same  pressure 
coefficient  of  20  MHz/Torr.  The  saturation  parameter  is 
taken  as  0.2. 
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ABSTRACT 

The  high-resolution  Fourier  transform  IR 
spectrum  of  the  C-0  stretch  band  of  0-18  methanol 
has  been  investigated.  Assignments  have  been 
determined  for  a  number  of  FIR  laser  lines 
optically  pumped  by  C02  lasers. 


INTRODUCTION 

The  various  isotopic  species  of  methanol 
are  among  the  most  important  sources  of  optically 
pumped  far-infrared  (FIR)  laser  emission.  This  is 
due  both  to  the  good  coincidences  between  the 
methanol  C-0  stretching  IR  bands  and  the  C02  laser 
bands  and  to  the  density  of  the  torsion-rotation 
spectral  structure.  The  most  recent  species  to  be 
investigated  is  CH3180H,  for  which  100  FIR  laser 
lines  have  been  observed  covering  a  wide  range  of 
frequencies  (1).  For  0-18  methanol,  although  the  Q 
branch  of  the  C-0  stretch  band  is  located  at  1008 
cm'1  in  the  gap  between  the  9.6  pm  and  10.6  pm  C02 
laser  bands,  the  P  and  R  branches  overlap  well 
with  the  10R  and  9P  laser  bands,  respectively. 

In  order  to  seek  quantum  number  assignments 
for  the  FIR  laser  transitions,  the  IR  spectrum  of 
the  CH3 180H  was  recorded  at  high  resolution  from 
900  to  1100  cm'1  (2,3).  Analysis  of  the  spectrum 
has  permitted  identification  of  much  of  the 
structure  for  the  n=0  and  n=l  torsional  states, 
and  has  led  to  proposed  assignments  for  7  IR-pump/ 
FIR-laser  transition  systems  so  far.  Although  the 
assignments  have  not  yet  been  confirmed  defin¬ 
itively  by  the  combination  loop  technique  using 
complementary  FIR  spectra  as  was  done  for  the 
analogous  case  of  C-13  methanol  (4),  the  assigned 
FIR  laser  frequencies  seem  quite  consistent  with 
calculated  energy  levels  for  the  excited  C-0 
stretch  state. 


IR  SPECTRUM  OF  THE  C-0  STRETCH  BAND 

The  Fourier  spectrum  of  the  C-0  stretch  band 
of  CH3180H  was  originally  recorded  at  a  resolution 
of  0.004  cm'1  on  a  Bomem  DA3.002  spectrometer  at 
the  University  of  British  Columbia.  From  this 
spectrum,  many  of  the  torsion-rotation  branches  in 
the  n=0  torsional  ground  state  were  assigned  (3). 
When  coupled  with  an  optoacoustic  study  showing 
the  strong  coincidences  with  C02  laser  lines,  the 
results  suggested  good  possibilities  for  FIR  laser 
lines,  but  severe  IR  line  overlap  led  to  some 


ambiguity  as  to  the  assignments  (2).  Accordingly, 
the  spectrum  was  reexamined  at  0.002  cm'1 
resolution  on  the  modified  Bomem  DA2.002 
spectrometer  at  the  Herzberg  Institute  of 
Astrophysics. 

With  the  higher  resolution  data,  the  assign¬ 
ment  uncertainties  have  been  substantially 
reduced,  and  the  spectral  identifications  have 
been  extended  to  higher  K  and  to  the  n=l  excited 
torsional  state.  All  series  have  been  assigned  up 
to  K=6  and  J  values  of  about  35  for  the  A,  E2  and 
E2  torsional  symmetries  for  the  n=0  state,  with 
the  exception  of  the  (ntK)  =  (015)  Ex  series.  For 
n=l,  branches  up  to  K=3  have  been  assigned,  with 
the  exception  of  the  (1  3  2)  E2  series.  Analysis 
of  the  branches  to  determine  power-series 
expansion  coefficients  is  underway. 


FIR  LASER  ASSIGNMENTS 

At  about  the  same  time  as  the  analysis  of  the 
new  CH318OH  spectrum  was  in  progress,  a  preprint 
was  received  from  Prof.  F.  Strumia  containing 
observations  of  FIR  laser  lines.  From  our  IR 
results,  it  proved  possible  to  identify  a  number 
of  the  IR  pump  transitions  coincident  with  the  C02 
laser  lines.  Then,  calculations  of  the  excited 
C-0  stretch  energy  levels  were  performed  to  deter¬ 
mine  the  FIR  laser  frequencies  associated  with  the 
proposed  IR  pump  transitions  to  see  if  the  assign¬ 
ments  were  realistic.  In  the  calculations,  the 
torsional  barrier  and  effective  rotational 
constant  were  taken  for  the  vibrational  ground 
state  as  Vjj  =  374.9146  cm"1  and  B°  =  0.77450  cm'1, 
and  for  the  first  excited  C-0  stretch  state  as 
Vj  =  394.3  cm'1  and  B1  =  0.76776  cm'1.  For  both 
states,  identical  values  of  certain  a-type 
torsion-rotation  interaction  and  centrifugal 
distortion  constants  were  used,  as  determined  from 
a  previous  microwave  study  (5). 

The  assignments  proposed  so  far  are  presented 
in  Table  1,  showing  the  comparison  first  between 
the  frequencies  of  the  reported  C02  laser  pump 
plus  offset  (in  MHz)  and  the  spectroscopic  IR 
transition,  and  then  between  the  observed  and 
calculated  FIR  laser  frequencies.  Given  the  IR 
and  FIR  measurement  uncertainties,  plus  the 
significant  uncertainty  in  the  excited  state 
energy  calculations,  the  agreement  is  very 
encouraging,  with  the  possible  exception  of  the 
heavily  overlapped  IR  transitions  in  the  enigmatic 
10R(20)  pump  systems  (2).  Thus,  the  assignments 
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for  the  7  IR-pump/FIR- laser  transition  schemes 
look  quite  plausible.  In  Fig.  1,  the  systems  are 
illustrated  for  the  9P( 14)  and  10P(24)  pumps 
involving  closely  related  levels  of  A  symmetry 
with  A+/A-  asymmetry  splittings. 


CONCLUSIONS 

The  IR  C-0  stretch  band  Fourier  transform 
spectrum  of  CH3180H  has  been  investigated  from 
900-1100  cm'1  at  a  resolution  of  0.002  cm'1,  and 
nearly  all  branches  have  been  assigned  for  K 
values  up  to  6  for  the  n=0  torsional  ground  state, 
and  K  up  to  3  for  the  n=l  excited  state,  up  to  J 
values  of  typically  35. 
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With  the  IR  spectroscopic  results  plus 
calculated  C-0  stretch  energy  levels,  it  has  been 
possible  to  determine  plausible  assignments  for  7 
IR-pump/FIR-laser  transition  schemes,  and  thereby 
to  identify  17  of  the  100  FIR  laser  lines  so  far 
reported. 
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Figure  1.  Proposed  energy  level  systems  for  the 
10P(24)  and  9P(14)  C02  pump  lines  in  CH3180H.  FIR 
laser  frequencies  (in  cm'1)  are:  La  =  54.11, 

Lb  =  58.79,  Lc  =  54.89  and  Ld  =  46.69. 
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ABSTRACT 

High-resolution  FTIR  spectroscopy  of  the  C-N 
stretching  band  of  CH3NH2  has  permitted  location 
of  several  coincidences  with  C02  laser  lines,  and 
identification  of  FIR  laser  transitions  optically 
pumped  by  these  lines.  With  the  use  of  previous 
FIR  spectroscopic  results,  it  has  been  possible  to 
form  closed  frequency  combination  loops  to  support 
the  assignment  of  one  of  the  IR-pump/FIR  laser 
transition  systems  and  improve  the  accuracy  of  one 
of  the  FIR  laser  frequencies. 


INTRODUCTION 

The  infrared  spectrum  of  methylamine  was 
originally  reported  at  low  resolution  by  Gray  and 
Lord  (1).  They  found  the  C-N  stretching  band  to 
be  centered  around  1044  cm'1,  with  the  usual  P,  Q 
and  R  branch  structure  expected  for  a  parallel 
vibration.  This  band  thus  overlaps  very  well  with 
the  9.6  pm  band  of  the  C02  laser,  and  might  be 
expected  to  yield  good  possibilities  for  optical 
pumping  and  far-infrared  (FIR)  laser  emission. 
Indeed,  FIR  laser  lines  from  CH3NH2  were  detected 
early  on  by  Plant  et  al.  in  1973  (2),  and  further 
pump  systems  giving  FIR  emission  were  reported  by 
Radford  (3,4),  Landsberg  (5),  and  Dyubko  et  al. 
(6).  During  the  same  period,  an  optoacoustic 
study  by  Walzer  et  al.  (7)  revealed  a  rich 
spectrum  of  signals,  showing  that  a  substantial 
number  of  C02  laser  lines  must  overlap  with 
methylamine  IR  transitions. 

The  identification  of  the  quantum  numbers  for 
the  IR  pump  and  FIR  laser  transitions  in 
methylamine,  however,  presents  a  very  difficult 
spectroscopic  problem.  In  addition  to  the  complex 
structure  introduced  into  the  spectrum  by  the 
internal  rotation  (torsion)  of  the  CH3  group 
relative  to  the  NH2  group,  there  is  also  a 
significant  and  irregular  splitting  of  the  energy 
levels  due  to  the  inversion  or  wagging  motion  of 
the  NH2  (analogous  to  the  well-known  inversion  in 
ammonia).  The  two  levels  of  an  inversion  doublet 
can  be  labelled  as  "a"  or  "s",  for  antisymmetric 
or  symmetric  rotational  states,  and  have  spin 
weights  of  3  and  1,  respectively.  Thus,  there  are 
twice  as  many  lines  in  the  spectrum  as  one  would 
get  for  methanol,  already  a  complex  situation,  and 
with  widely  differing  and  relative  intensities. 

A  vibration-torsion-rotation-inversion  energy 
level  of  methylamine  can  conveniently  be  denoted 
as 


E(ntK±-a,J)V  or  E(ntK±-s,J)v) 

where  n  is  the  torsional  quantum  number,  t  is  an 
index  equal  to  1,  2  or  3  which  specifies  the 
torsional  symmetry,  K  is  the  axial  component  of 
the  rotational  angular  momentum  J,  and  v  is  the 
vibrational  state.  The  ±  superscript  indicates  a 
particular  component  of  an  asymmetry  doublet  for 
levels  of  A  symmetry  only.  Substantial  progress 
has  been  made  recently  (8-11)  in  the  understanding 
of  the  FIR  spectrum  and  the  IR  C-N  stretching  band 
of  CH3NH2,  but  it  does  not  yet  appear  possible  to 
calculate  the  energy  levels  with  real  accuracy 
from  the  available  model  Hamiltonians,  even  for 
the  ground  vibrational  state.  Thus,  assignment  of 
the  FIR  laser  lines  must  still  depend  to  a  large 
extent  on  direct  spectroscopic  observations. 
Furthermore,  the  low  value  of  the  p  parallel 
dipole  component  makes  the  AK=0  a3- type  FIR 
transitions  very  weak,  so  that  for  CH3NH2  one  does 
not  see  the  familiar  patterns  of  triads  of  FIR 
laser  lines  that  are  such  a  help  to  assignments  in 
methanol. 


FIR  USER  TRANSITION  SYSTEMS 

Our  high-resolution  Fourier  transform  spectrum 
of  the  C-N  stretch  band  (11),  in  conjunction  with 
previous  FIR  results  for  the  vibrational  ground 
state  (8,  10),  has  yielded  some  insight  into  the 
FIR  laser  emission  from  CH3NH2.  The  9P(24)  C02 
laser  line,  which  produces  a  particularly  intense 
optoacoustic  signal  (7),  falls  within  the  dense 
Q-branch  of  the  band  and  lies  about  45  MHz  below  a 
strong  observed  IR  line.  From  our  results,  it 
appears  that  the  latter  is  the  ^Q(029-a,15)  IR 
transition,  with  the  FIR  laser  lines  reported  at 
45.9  cm'1  (2)  and  67.638548  cm'1  (2,  4)  being 
assigned  as  the  (029-a,15)x  (038-a,15)1  and 

(029-a,  15) 1  -*•  (OSO-a,^)1  excited  transitions, 
respectively.  These  assignments  are  based  on  the 
consistency  of  the  following  independent 
closed-loop  combination  relations  which  can  be 
formed  from  the  transition  scheme  shown  in  Fig.  1: 

b  =  a+t-d  =  45.7153  cm'1 
=  i+k-e  =  45.7143  cm'1 

c+h-k-i  =  0.0015  cm’1 
c+g-£.-a  =  -0.0021  cm'1 
c+f-m-j  =  -0.0004  cm'1 
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The  values  of  the  frequency  of  laser  line  b  agree 
to  within  the  experimental  uncertainty,  and  are 
significantly  more  accurate  than  the  previous 
wavelength  measurement.  The  residual  loop  defects 
involving  line  c,  which  has  been  precisely 
measured  by  heterodyne  techniques  (4),  are  zero  to 
within  experimental  accuracy,  so  also  serve  to  tie 
down  the  assignment  through  the  well-determined 
ground  state  FIR  assignments  of  lines  k,  i.  and  a. 

Similarly,  the  9P(46)  C02  line  has  been  found 
to  pump  two  IR  transitions.  One  is  the 
qP(022-a,15)  line,  for  which  we  assign  the  FIR 
laser  line  at  28.5  cm"1  (5)  to  the  (022  -a.IA)1  ■* 
031  -a,^)1  transition.  The  other  is  a 
P(0t7,15)  transition,  with  the  FIR  lines  reported 

(5)  at  35.3  and  56.2  cm"1  assigned  to  (Ot'7,14)1  * 

(0x6,1a)1  and  (Ot'7,14)1  -*■  (0t6, 13)1  transitions, 
respectively.  Here,  we  have  not  confirmed  the 
(ntK)  assignment  through  combination  loops,  but 
the  most  likely  possibilities  appear  to  be  (017-s) 
or  (037-s)  for  the  pumped  levels. 

Tentative  J-numbering  has  been  determined  for 
a  few  further  pump  transitions,  but  definite 
assignment  proposals  await  additional  analysis  of 
the  IR  spectra. 
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CONCLUSIONS 

High-resolution  FTIR  observations  coupled  with 
previous  FIR  spectral  analysis  have  permitted 
complete  or  partial  assignment  of  those  FIR  laser 
line  systems  pumped  by  the  9P(24)  and  9P(46)  C02 
laser  lines.  The  assignment  for  one  of  the 
systems  is  supported  by  forming  closed  frequency 
combination  loops.  Thus,  the  interplay  between  IR 
and  FIR  spectroscopy  and  FIR  laser  emission 
measurements  has  again  given  important  clues  to 
the  assignment,  particularly  valuable  for  the 
transitions  of  high  K. 


ACKNOWLEDGEMENTS 

Support  of  the  research  by  the  Natural 
Sciences  and  Engineering  Research  Council  of 
Canada  and  the  University  of  New  Brunswick 
Research  Fund  is  gratefully  acknowledged.  We  also 
thank  Dr.  J.W.C.  Johns  of  the  Herzberg  Institute, 
NRC  of  Canada,  for  his  collaboration  in  obtaining 
a  recent  FTIR  spectra  of  CH3NH2  at  higher 
resolution,  from  which  our  final  numbers  were 
taken. 


REFERENCES 

(1)  A.P.  Gray  and  R.C.  Lord,  J.  Chem.  Phys.  26, 
690-705  (1957). 

(2)  T.K.  Plant,  P.D.  Coleman,  and  T.A.  DeTemple, 
IEEE  J.  Quantum  Electron.  QE-9,  962-963 
(1973). 

(3)  H.E.  Radford,  IEEE  J.  Quantum  Electron. 
QE-11,  213-214  (1975). 


(038-a)  (029-a) 


Figure  1 .  CH3NH 
9P(24)  C02  pump, 
a  =  1043.1647,  b  = 
d  =  1065.4631,  e  = 
g  =  1043.5378,  h  = 
j  =  1065.3198,  k  = 
m  =  66.5421. 


2  energy  level  system  for  the 
Frequencies  are  (in  cm"1): 

=  45.9,  c  =  67.638546, 

=  1043.3040,  f  =  1064.2230, 

=  1021.3813,  i  =  1019.5343, 

=  69.4840,  2,  =  68.0137, 
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Abstract 

Experimental  work  at  the  Naval  Research 
Laboratory  has  proceeded  on  three  different 
relativistic  gyrodevices,  the  cyclotron 
auto resonance  maser  (CARM),  the  three  cavity  phase- 
locked  gyrotron  oscillator,  and  the  high  power  free 
running  gyrotron  oscillator.  Experimental  results 
relating  to  these  projects  will  be  presented. 

The  CARM 

The  CARM  is  a  Doppler-shifted  cyclotron  maser. 
The  interaction  takes  place  at  the  upper 
intersection  of  the  beam  cyclotron  wave  with  the 
dispersion  relation  of  the  waveguide.  Like  a  free 
electron  laser,  it  has  the  advantage  of  the 
Doppler-upshift  in  frequency,  and  also  like  an  FEL, 
the  beam  must  have  a  small  spread  in  parallel 
velocity.  A  CARM  oscillator  has  been  designed  and 
constructed  at  NRL  and  experimental  work  on  it  is 
under  way.  There  are  two  key  issues  for  this  CARM 
experiment,  first  producing  a  beam  with 
sufficiently  small  velocity  spread,  and  second, 
developing  a  cavity  which  will  favor  the  CARM 
interaction  rather  than  the  competing  low  frequency 
gyrotron  interaction.  To  address  the  former  issue, 
an  electron  gun  has  been  fabricated  which  has  a 
velvet  emitting  region  and  anodized  aluminum  to 
suppress  emission  on  the  remainder  of  the  cathode, 
which  serves  also  as  a  focusing  electrode.  To 
address  the  second  issue,  a  Bragg  resonator  cavity 
has  been  designed  and  constructed.  This  cavity  is 
designed  to  select  the  high  frequency  CARM 
interaction  and  should  suppress  the  gyrotron 
interaction.  The  experiment  has  been  designed  to 
run  on  the  NRL  TRITON  accelerator,  and  is  expected 
to  generate  about  10  MW  at  100  GHz  in  the  TE6J 
mode.  A  schematic  of  the  CARM  experiment  is  shown 
in  Fig  1. 
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The  Phase  Locked  Gyrotron  Oscillator 

To  investigate  the  issues  of  phase  locking  a 
gyrotron  oscillator  at  high  power,  a  fundamental 
mode  three-cavity  gyroklystron  oscillator  has  been 
designed  and  constructed.  The  Q  values  of  the 
individual  cavities  are  controlled  with  axial 
slots.  These  slots  also  permit  squash  tuning  of 
the  cavity.  This  tuning  is  necessary  so  that  the 
cavities  can  all  be  tuned  to  the  same  frequency. 

The  individual  cavities  have  all  been  designed  and 
their  design  has  been  confirmed  with  cold  tests. 

The  actual  cold  cavity  frequencies  have  to  account 
for  the  effects  of  beam  loading  also,  and  this,  of 
course  cannot  be  cold  tested.  It  is  important  to 
realize  that  the  first  two  prebunching  cavities 
contain  a  linear  beam  wave  interaction  implying  a 
particular  frequency  shift,  while  the  last  cavity 
contains  a  nonlinear  beam  wave  interaction  with  a 
different  frequency  shift.  The  design  of  the 
cavity  must  account  for  all  of  this,  because  the 
magnitude  of  these  frequency  shifts  exceeds  the 
predicted  phase-locking  bandwidth. 

The  cavity  and  slot  widths  must  be  chosen  so 
that  the  two  prebunching  cavities  are  stable  to  all 
modes,  while  the  oscillator  cavity  is  unstable  only 
to  the  intended  TEl2  mode  of  oscillation.  The 
stability  of  the  prebunching  cavities  is  a 
difficult  constraint,  particularly  because  the  rf 
electric  fields  of  the  bunching  cavities  extend 
fairly  far  into  the  drift  regions,  which  can  be 
made  only  weakly  cut  off  in  order  to  allow  passage 
of  the  electron  beam  through  clear  the  drift 
region.  Because  of  the  axial  extent  of  the 
electric  field,  these  cavities  must  be  designed  to 
suppress  higher  order  axial  modes  also.  This  is 
done  with  'keyhole'  shaped  slots  90°  away  from  the 
main  slots  in  the  cavity  wall.  The  final  design 
has  the  prebunching  cavities  below  the  start 
oscillation  threshold  current  for  all  possible 
modes  at  the  design  current,  voltage,  beam  alpha, 
and  magnetic  field,  while  the  oscillator  cavity  is 
designed  to  generate  10  MW  at  35  GHz  in  the  TE12 
mode.  The  prebunching  cavity  is  driven  with  a  a  20 
kw  magnetron  at  35  GHz.  A  schematic  of  the  three 
cavity  phase  locked  gyroklystron  oscillator  is 
shown  in  Fig  2. 


Figure  1 


High  Power  Free  Sunning  Gyrotron  Oscillator 


Figure  3 


The  experimental  study  of  high  power  gyrotron 
oscillators  has  been  under  way  at  the  Naval 
Research  Laboratory  for  about  four  years.  The 
initial  studies  were  carried  out  on  a  compact 
Febetron  accelerator,  and  achieved  100  MW  with  8% 
efficiency  at  35  GHz  in  a  TES2  mode.1  More 
recently,  experimental  work  has  moved  to  the  VEBA 
accelerator  in  order  to  investigate  higher  voltages 
and  currents  as  well  as  longer  pulse  widths. 

Initial  experiments  have  generated  100  MW,  but  with 
a  longer,  more  robust  (that  is  about  50  nsec) 
microwave  pulse,  a  microwave  pulse  whose  duration 
is  apparently  limited  by  the  duration  of  the  beam 
voltage  pulse.  Increasing  the  voltage  to  1.2  MV 
increased  the  power  to  200  MW,  but  the  efficiency 
dropped  to  about  6%.  The  next  series  of 
experiments  attempted  to  improve  the  performance  by 
improving  the  beam  quality.  Since  VEBA  has  the 
capability  of  generating  about  twenty  times  the 
current  necessary  for  gyrotron  operation,  a  beam 
scraper  diode  was  utilized.  Of  the  30  kA  generated 
by  the  accelerator,  only  about  4  kA  gets  through 
the  anode  aperture.  This  significantly  improves 
the  beam  quality.  With  the  new  diode 
configuration,  power  of  about  250  MW  has  been 
generated  with  an  efficiency  in  excess  of  10%.  The 
microwave  pulse  is  still  robust  and  still  lasts  for 
the  entire  duration  of  the  voltage  and  current 
flat-top.  A  schematic  of  the  VEBA  gyrotron  is 
shown  in  Fig  3. 
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Defense  Initiative,  and  managed  by  the  Harry 
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ABSTRACT 

Experiments  have  been  performed  in  which  MW 
microwave  power  levels  have  been  produced  by 
means  of  the  cyclotron  maser  resonance  on  high 
current,  relativistic  electron  beams  from  a 
generator  with  parameters:  0.4  MV,  1.2  kA,  end  0.4  ps. 
In  the  first  series  of  experiments,  a  nonadiabatic 
dip  in  the  magnetic  field  Imparted  large  ratios  of 
perpendicular  to  parallel  momentum  (a>1)  in  a 
transported  beam  current  of  typically  20  -  60  A. 
X-Band  microwave  power  (>0.6  MW)  was  sustained 
over  nearly  the  full  e-beam  pulselength  and  85* 
variation  in  electron  beam  generator  voltage.  In 
more  recent  experiments,  MW  power  levels  In  X-band 
have  been  generated  using  an  improved  magnetic 
field  profile  which  increased  the  transported 
electron  beam  current  to  500  -  1000  A,  but  with 
lower  a  (0.2  -0.3).  A  wiggler  has  been  utilized  to 
increase  the  ratio  of  perpendicular  to  parallel 
momentum.  Data  show  a  strong  (up  to  a  factor  of  40) 
enhancement  in  peaks  of  K-band  microwaves  when 
the  e-beam  energy  is  near  a  resonance  condition 
with  the  wiggler.  Design  studies  are  underway  for  a 
multimegawatt,  microsecond,  intense  electron  beam 
cyclotron  maser  which  will  operate  on  the  Michigan 
Electron  Long  Beam  Accelerator  (MELBA)  at 
parameters:  0.7-1  MV,  1-10  kA,  and  voltage 
compensated  pulselength  of  1-1.5  ps. 

1.  INTRODUCTION 

In  recent  years  a  number  of  researchers  have 
investigated  the  generation  of  MW  to  GW  microwave 
power  levels  from  intense,  relativistic  electron 
beam  sources  [1],  These  sources  have  applications  to 
new  compact  accelerators  as  well  as  fusion  plasma 
heating  [2,3],  A  parameter  regime  of  particular 
importance  concerns  kilojoule  delivered  energy,  with 
0.1-1  GW  microwave  power  over  pulselengths  of 
1-10  ps.  Several  different  physical  mechanisms 
have  been  exploited  for  high  power  microwave 
generation  from  intense  e-beams,  including: 
relativistic  magnetron  [4],  magnetically  insulated 
line  oscillator  (MILO)  [5],  the  virtual  cathode 
oscillator  (vircator  ),  Cerenkov  effects,  and  the 
electron  cyclotron  maser  instability  [6-8!.  A  major 
difficulty  in  extending  to  ps  pulselengths  in  many  of 
these  devices  concerns  the  generation  of  plasma  in 
the  microwave  interaction  region.  The  cyclotron 


maser  has  an  advantage  in  this  regard,  since  the 
microwave  interaction  section  can  be  separated 
from  the  e-beam  collector  and  its  associated 
plasma.  However,  a  number  of  fundamental  issues 
need  to  be  addressed  concerning  the  scaling  of 
cyclotron  masers  to  the  100  MW  to  1  GW  regime. 

2.  EXPERIMENTAL  CONFIGURATION 
In  order  to  guide  the  design  studies  for  the  MELBA 
maser,  a  smaller  pulseline  type  electron  beam 
generator  was  utilized  with  a  peak  voltage  of 
0.4-0. 5  MV  and  pulselength  of  0.4  ps.  An  annular 
velvet  cathode  produced  a  flat  current  pulse  of  about 
1.2  kA.  Two  types  of  e-beam  transport  systems 
were  employed: 

1)  Nonadiabatic  dip  in  the  pulsed  magnetic  field  by 
means  of  a  thick,  aluminum  anode  plate,  and  2)  a 
thin  stainless  steel  anode  plate,  field  shaping  coils, 
and  a  permanent  magnet  wiggler  (shown  in  Figure  1). 
The  first  system  Imparted  a  large  ratio  of 
perpendicular  to  parallel  electron  beam  momentum 
(estimated  a>1),  but  only  transported  20-  60  A 
e-beam  current  into  the  device.  The  second  system 
transported  500  -  1000A  through  the  maser,  but 
with  a  lower  transverse  to  parallel  velocity  ratio 
(estimated  a-0.2-0.3  without  the  wiggler).  A  smooth 
bore  waveguide  (L=  97  cm,  I.D.  =  2.84  cm)  was 
initially  employed  in  these  experiments,  although 
other  cavity  structures  are  under  investigation. 
Pulsed  magnetic  field  coils  wound  directly  on  the 
beam  tube  generated  uniform  fields  of  2.2-4.8  kG  . 

3.  EXPERIMENTAL  RESULTS 
Microwave  emission  data  for  the  high  a  maser 
configuration  gave  peak  power  levels  of  about  0.6 
MW  for  an  e-beam  current  of  20-60  A,  corresponding 
to  peak  electronic  efficiencies  in  the  range  of  6  %. 
High  power  microwave  emission  was  maintained  for 
0.35  ps,  over  voltage  deviations  of  greater  than  85*. 
For  these  high  a  experiments,  the  tuning  range  in 
magnetic  field  for  long  pulse  emission  was  very 
broad  (Figure  2).  The  emission  frequency  (6.5-7,5 
GHz)  corresponds  to  the  cyclotron  maser  interaction 
with  the  TE)  ]  waveguide  mode.  Sharp  spikes  in  the 

microwave  power  with  upward  frequency  chirping 
(due  to  drooping  generator  voltage)  suggest  that  the 
maser  operates  on  a  number  of  closely  spaced 
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(-  0.1  GHz)  axial  cavity  modes.  Operation  with  the 
second  maser  configuration  gave  higher  X-band 
power  (>1MW)  with  transported  e-beam  currents  of 
500-1000A,  in  the  absence  of  the  wiggler.  In  order 
to  increase  the  e-beam  transverse  energy,  a  4.3  cm 
period,  planar,  permanent  magnet  wiggler  was 
installed  on  the  maser.  Preliminary  experiments 
with  the  wiggler  showed  large  enhancements  (factor 
of  40)  of  microwave  emission  in  the  K-band 
(>0.5MW).  The  wiggler-enhanced  peeks  in  the 
emission  consisted  of  short  spikes  as  the  rapidly 
drooping  voltage  passed  through  the  conditions 
corresponding  to  beam  energy  near  resonance  with 
the  wiggler  period. 

These  preliminary  experiments  suggest  that  in 
future  experiments  utilizing  the  regulated  voltage 
output  from  the  MELBA  accelerator  19],  it  should  be 
possible  to  generate  rr.ultimegawatt  microwave 
emission  for  microsecond  pulses. 
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Figure  1 

Experimental  configuration  for 
high  current  maser. 
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Figure  2. 

Data  for  high  a  maser  driven  by  0.4  ps  pulseline 
generator. 
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ABSTRACT 

We  present  plans  for  an  experiment  to  investigate  the  ef¬ 
fects  of  a  neutralizing  background  plasma  on  the  operation  of 
a  high  current  gyrotron.  A  neutral  plasma  filling  the  electron 
beam  transport  and  gyrotron  cavity  regions  allows  for  the 
propagation  of  super-vacuum  currents  and  for  tuning  of  the 
interaction  frequency  through  the  neutralizing  plasma  den¬ 
sity  The  background  plasma  is  completely  ionized  before 
the  passage  of  the  nigh  current  electron  beam,  and  the  plasma 
density(in  the  absence  of  the  electron  beam)  is  a  known,  mea¬ 
sured  quantity. 

INTRODUCTION 

Recent  developments  in  high  current  electron  beams  have 
led  to  substantial  increases  in  the  output  powers  of  devices 
based  on  the  electron-cyclotron-maserfl]  such  as  the  gyrotron. 
The  electron  beam  current  propagated  in  these  devices  is  ap¬ 
proaching  the  vacuum  limit,  where  the  space-charge  field  of 
the  beam  depresses  the  electron  beam  energy  and  prohibits 
any  further  increase  m  the  current  transmitted.  Well  before 
this  strict  limit  is  reached,  the  space  charge  field  interacts 
with  the  beam  electrons  to  increase  their  velocity  spread,  re¬ 
ducing  the  device  efficiency  and  limiting  the  output  power. 

Several  experiments  have  already  been  carried  out  which 
use  a  neutralizing  background  plasma  as  a  means  to  transcend 
these  difficulties^, 3).  The  background  plasma  which  fills  the 
beam  transport  and  radiation  interaction  regions  must  be 
dense  enough  to  neutralize  and  screen  the  charge  in  the  high 
current  electron  beam,  while  at  the  same  time  it  must  be 
tenous  enough  to  allow  for  the  free  propagation  of  the  out¬ 
put  radiation  and  not  have  a  deleterious  effect  on  the  desired 
beam  interaction.  An  earlier  experimental  with  a  320  keV, 
1.2  kA  electron  beam  noted  an  increase  in  the  output  10  GHz 
yrotron  power  from  7  MW  to  60  MW  when  the  neutral  plasma 
ensity  was  increased  from  nr  ~  109  cm'3  to  np  »  2x  10"  cm'.9 
Increasing  the  plasma  density  further  to  nf  «  5  x  10"  cm-3 
resulted  in  a  rapid  reduction  in  the  output  power  to  about 
10 MW.  The  beam  current  of  1.2  k A  was  greater  than  the  vac¬ 
uum  current  limit.  I,ac  =  640  A  by  slightly  less  than  a  factor 
of  two.  The  plasma  in  this  experiment  was  produced  by  a 
secondary,  low  voltage  electron  gun  which  was  used  to  pre¬ 
ionize  a  background  gas.  Residual  neutral  gas  which  might 
be  ionized  by  the  passage  of  the  high  voltage  electron  beam 
would  contribute  to  an  uncertainty  in  n®, 

EXPERIMENT 


We  are  presently  modifying  a  35  GHz  gyrotron  oscillator 
experiments]  to  operate  in  the  presence  of  a  neutralizing 
background  plasma.  A  1  -  10 kA,  ~  lMeV  electron  beam  is 
generated  by  a  masked,  cylindrical  diode.  The  electron  beam 
is  spun  up  by  means  of  a  rapid  drop  in  the  axial  magnetic 
field  caused  by  a  small  field-reversed  coil  placed  well  after 
the  cathode-anode  gap.  The  beam  is  compressed  into  the 
gyrotron  interaction  region  and  then  dumped  on  the  down¬ 
stream  side  by  the  fringing  magnetic  fields.  Recent  exper¬ 
iments  in  the  absence  of  a  neutralizing  background  plasma 


have  produced  200  MW  of  RF  power  at  a  frequency  of  35  GHz. 
The  maximum  intracavity  beam  current  was  approximately 
2kA. 

A  neutralizing  background  plasma  is  added  to  this  system 
by  plasma  guns[5]  situated  after  the  anode  mask  and  before 
the  field-reversed  coil.  The  plasma  guns  are  ideal  for  this 
application  in  that  they  are  compact  and  produce  a  highly 
directional,  almost  completely  ionized  neutral  plasma.  Dif¬ 
ferent  plasma  densities  can  be  realized  by  firing  the  VEBA 
accelerator  (r  ~  40  ns)  at  different  times  after  firing  the 
plasma  guns.  The  plasma  inventory  as  a  function  of  time 
after  the  firing  of  the  plasma  guns  is  measured  in  iitu  by 
pairs  of  electrostatic  probes.  The  plasma  density  available 
from  four  plasma  guns  situated  symmetrically  in  the  azimuth 
is  then  variable  between  nr  ~  10"  —  1013cm  ,  corresponding 
to  u>®/2x  ~  3  —  30  GHz.  The  number  density  of  the  high  en¬ 
ergy  electron  beam  is  ~  6x  1011  cm-3  for  J  ~  3k A/cm2, 
and  the  available  range  in  neutral  plasma  density  should  be 
able  to  scan  through  shielding  the  beam  self-fields  and  ap¬ 
proach  cutting  off  the  desired  35  GHz  gyrotron  interaction. 
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ABSTRACT 

A  gyro-TWT  is  often  plagued  by  absolute  instabilities  in  lower 
order  modes  and  even  in  the  operating  mode  itself.  These 
problems  will  be  avoided  by  performing  the  experiment  in  the 
lowest  order  mode  in  cylindrical  waveguide  {  TE„  )  and  using  a 
low  a.  beam  to  excite  a  wave  with  large  k,,.  A  gyroresonant 
wiggler  will  partially  transform  the  axial  velocity  of  a  high 
qualify  Pierce  beam  into  transverse  velocity.  A  100  keV,  5  A, 
a  =  0.5  beam  will  generate  9  GHz  rf  in  a  3  kG  magnetic  field. 
Magnetic  tapering  will  be  used  to  enchance  the  efficiency.  The 
theoretical  gain  is  predicted  to  be  60  dB  with  a  bandwidth  over 
20%. 

INTRODUCTION 

A  Gyro-TWT  utilizes  a  moderately  relativistic  electron  beam  to 
interact  with  a  fast  waveguide  mode  near  the  grazing  point 
where  the  beam's  velocity  is  equal  to  the  wave's  group 
velocity.  The  interaction  mechanism  is  based  on  the 
convective  electron  cyclotron  maser  instability  which 
originates  from  the  relativistic  energy  depedence  of  the 
electron  cyclotron  frequency  H> .  Unfortunately,  this  convective 
instability  can  become  absolutely  unstable  if  the  beam  current 
exceeds  a  critical  value  which  is  a  sensitive  function  of 
magnetic  field  and  a(  =  vjv,,).  The  absolute  instability  is  due  to 
the  coupling  between  the  backward  wave  and  the  electron 
beam.  The  mismatch  between  the  rf  coupler  and  the 
waveguide  circut  will  also  induce  oscillation  if  the  system's 
gain  exceeds  a  certain  value  determined  by  the  reflection  from 
the  rf  couplers  <2> . 

The  previous  experimental  investigations  have  been 
performed  at  NRL  and  by  Varian  Associates.  The  NRL 
experiments  used  the  TE01  mode  of  a  circular  waveguide  of 
cutoff  frequency  34.30  GHz  with  lossless  interaction  waveguide. 
Linear  gain  up  to  32  dB  was  achieved  with  a  70  kV,  9  A 
electron  beam.  The  best  efficiency  observed  was  7.8  %  with  a 
16.6  kW  output  power ,  20  dB  gain,  and  1.4  percent  bandwidth 
for  a  3  A  electron  beam.  The  experiments  performed  by  Varian 
Associates  with  a  TE„  circular  polarized  mode  obtained 
impressive  results.  Substantial  improvement  was  obtained  by 
tapering  the  magnetic  field  by  4.4%  .  Small  signal  gam  was  26 
dB  with  a  peak  power  of  120  kW  at  26%  efficiency.  Saturated 
gain  was  20  dB  with  a  bandwidth  of  7.25%  <3) . 

The  goal  of  our  experiment  is  to  demonstrate  the  gyro-TWT  as 
a  high  gain,  wideband  source.  A  low  a  electron  beam  and  the 
fundamental  TE„  mode  will  be  used  to  stabilize  the  absolute 
instability.  A  tapered  magnetic  field  will  be  used  to  enhance 
the  efficiency. 

CALCULATED  PERFORMANCE 

The  dispersion  relation  of  the  gyro-TWT  interaction  for  a 
circular  TE„,  mode  and  an  axis-encircling  cold  electron  beam  is 
given  by  <<> . 

(o>2  -k2c2  -  o>nlc2X«  -kV||  -nQc)2  =  -  e  (1) 

where  the  coupling  factor  is 


q„  is  the  first  zero  of  J'Jy).  a>„,c  =  cq,,/a  is  the  cutoff  frequency  of 
the  TE„,  wave,  and  lAjs  the  Alven  current  (~17A  ). 

The  spatial  growth  rate  is  obtained  by  solving  Eq.  1.  for  the 
imaginary  part  of  ky.  The  growth  rates  are  plotted  as  a  function 
of  frequency  for  different  values  of  electron  beam  current  as 
shown  in  Fig.  1.  Here  a  TE„  mode  with 
7  =  1-2.  Pa  =  0.5.  a  =  0.5,  Qc/<ultc  =  0.87  is  considered.  The  absolute 
instability  will  occur  for  an  electron  beam  current  of  15  A. 
From  Fig.  1.  ,  we  know  that  very  high  gain  over  60  dB/m  and 
with  a  bandwidth  over  20%  can  be  obtained  with  these  design 
parameters.  To  avoid  oscillation  due  to  coupling  mismatches, 
a  sever  may  be  necessary. 

The  predicted  dependence  of  spatial  growth  rate  on  frequency 
for  different  values  of  magnetic  field  are  plotted  in  Fig.  2.  If  the 
magnetic  field  is  too  large,  oscillation  will  occur,  but  the  gain 
will  become  too  small  when  the  magnetic  field  is  too  far 
beneath  the  grazing  point.  For  this  design.the  tolerance  is  7% 

,  easily  satisfied  by  our  solenoid  with  a  ripple  of  1.5%. 


EXPERIMENTAL  DESIGN 

The  experimental  configuration  with  an  interaction  length  of  1 
m  is  shown  in  Fig.  3. 

A  modified  version  of  the  SLAC  5045  klystron  gun  will  be  used 
in  this  experiment.  The  dimension  is  scaled  from  the  SLAC 
design  by  a  factor  of  3.5.  This  electron  gun  is  operated  at  100 
kV  and  generates  about  50  A.  A  small  aperature  will  be  used 
such  that  only  a  5  A  electron  beam  with  low  velocity  spread 
can  pass  through.  Simulation  results  of  this  design  by 
Herrmannsfeldt's  gun  code  have  shown  that  the  electron  beam 
has  characteristics  very  similar  to  that  of  the  SLAC  gun. 

The  transverse  energy  of  the  electrons  which  is  needed  foj 
gyro-TWT  interaction  is  obtained  by  passing  the  pencil  electron 
beam  through  a  gyro-resonant  wiggler  (i.e.,  vM=  KlJZn  where 
t  is  the  wiggler's  period).  A  5  period  permanent  magnet 
wiggler  has  been  built.  A  wiggler  of  the  same  design  has  been 
successfully  used  on  another  experiment  performed  at  UCLA 

A  wideband  coupler  is  required  which  will  also  allow  the 
electron  beam  to  pass  through.  Also  the  coupler  must  launch 
a  circular  polarized  TE„  mode.A  design  which  satisfies  these 
requirements  is  shown  in  Fig.4,  which  is  a  modified  version  of 
the  design  by  L.R.  Barnett  ,6>  .  Preliminary  tests  show  that  a 
linear  polarized  TE„  mode  has  been  efficiently  coupled  from 
rectangular  waveguide  to  circular  wave  guide  with  a  bandwidth 
over  10%.  The  frequency  response  of  the  coupler  is  shown  in 
Fig.  5. 

A  polarization  converter  is  then  used  to  transform  a  linear 
polarized  wave  into  a  circular  polarized  wave.  It  is  based  on 
the  fact  that  the  cut-off  frequency  of  even  mode  and  odd  TE„ 
modes  of  the  elliptical  waveguide  are  different  ,6>  .  By 
squeezing  the  circular  waveguide  by  a  certain  eccentricity  and 
length, the  linear  polarized  wave  is  decomposed  into  these  two 
modes,  and  a  circular  polarized  wave  can  be  obtained  when 
the  phase  diference  between  this  two  modes  becomes  90 
degrees. 


s  =  4M'/ 'aXOm2  -n2)~Vn(qn,r/a)/Jn(qn))2 


(2) 
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Fig.  1,  Predicted  dependence  ol  spatial  growth  rate  on 
frequency  for  several  values  of  beam  current. 


Fig.  2.  Predicted  dependence  of  spatial  growth  rate  on 
frequency  for  several  values  of  magnetic  field 
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Fig.  3.  100-kW  Gyro-TWT  experiment  configuration. 


Fig.  4.  Schematic  of  coupler 
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Fig  5.  Frequency  dependence  of  the  coupler's  transmission. 
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ABSTRACT 

A  three  dimensional  self-consistent  theory  of  the  gyrotron 
backward  wave  oscillator  has  been  developed  in  slow-time- 
scale  formulation.  The  efficiency  of  gyro  B  WO  is  nearly  10%  in 
a  uniform  magnetic  field  but  can  be  enhanced  to  exceed  25% 
by  tapering  the  magnetic  field.  Results  are  shown  for  TEi0 
mode  in  rectangular  waveguide  and  TEn  mode  in  cylindrical 
waveguide. 

INTRODUCTION 

Gyrotron  backward  wave  oscillators  (gyro-B  WO)  have  great 
potential  as  tunable  sources  at  mm-wave  frequencies  and  can 
serve  as  drivers  for  ultra-high  power  gyrotron,  CARM  and 
FEL  amplifiers.  Initial  experiment  [1]  of  gyro-BWO  at  Ka- 
band  has  shown  a  tuning  range  of  over  15%.  Backward  wave 
amplification  with  internal  positive  feedback  occurs  when  a 
forward  cyclotron  wave  excited  on  a  beam  is  in  synchronism 
with  a  backward  TE  waveguide  mode.  Oscillations  set  in  when 
the  current  exceeds  a  critical  value.  Calculations  [2]  of  the 
efficiency  in  gyro-BWO  give  a  modest  value  in  the  range  of 
10-15%  in  a  uniform  magnetic  field.  In  this  paper,  we  show 
that  efficiency  can  be  significantly  enhanced  by  tapering  the 
magnetic  field  as  in  gyrotrons  and  FEL. 

NON-LINEAR  THEORY  AND 
SIMULATION  OF  GYRO-BWO 

The  non-linear  behavior  and  efficiency  of  gyro-BWO  are 
calculated  from  a  self-consistent  set  of  coupled  equations  for 
the  evolution  of  the  electron  trajectories  and  the  RF  field  am¬ 
plitude  in  the  slow-time-scale  formulation  (3)  which  are  com¬ 
monly  employed  in  gyro-devices.  The  electron  beam  is  as¬ 
sumed  to  be  monoenergetic  but  can  have  an  axial  velocity 
spread.  The  tapering  of  the  external  magnetic  field  is  in¬ 
cluded  in  the  theory.  The  boundary  conditions  for  the  RF 
electric  field  (F)  correspond  to  two  experimental  situations: 

F=0  at  z=L,  and  ^  =  -ik,F  at  z  =  0  (1) 

where  L  is  the  interaction  length  and  k,  the  axial  wave  vector. 
These  boundary  conditions  apply  to  the  case  where  the  power 
is  coupled  out  at  the  input  end  (z=0)  as  is  done  in  conventional 
BWO. 

Perfect  reflection  at  z=0,  and  —  =  ik,F  at  z=L  (2) 
These  boundary  conditions  refer  to  reflection  type  BWO. 

Numerical  results  are  presented  in  the  parameter  ranges 
corresponding  to  the  experiment  [1]  at  NRL  with  TEi0  rect¬ 
angular  mode  in  the  Ka-band  and  the  TEu  (cylindrical)  mode 
discussed  in  ref  [2]  for  frequencies  near  102  GHz.  These  exam¬ 
ples  considered  the  excitations  in  the  fundamental  cyclotron 
harmonic.  The  calculations  were  done  for  a  monoenergetic  and 
’’cold”  beam.  Figs  1-3  refer  to  the  TEio  (rectangular)  mode 
and  a  33KV,  0.6A  beam  with  a  =  v±/vz  =  1.3.  The  start 
oscillation  condition  in  BWO  is  satisfied  by  a  discrete  set  of 
frequencies  with  corresponding  critical  lengths.  These  modes 
are  equivalent  to  the  sixial  modes  in  gyrotron  oscillator.  In 


Fig.l,  the  efficiency  ( tj )  for  the  lowest  axial  mode  is  shown  as 
a  function  of  the  interaction  length  (L)  in  a  uniform  magnetic 
field  B„  =  12 kG.  The  guiding  center  of  the  beam  is  located  at 
r0  =  0.171a,,  where  Lx  =  0.22in  is  the  width  of  the  waveguide 
in  the  x-direction.  The  aspect  ratio  Lv/Lx  =  0.636.  The  wave 
propagation  is  along  the  z-axis.  The  critical  length  for  this 
mode  is  found  to  be  LJLx  =  10.9.  A  maximum  efficiency 
iyimax)  of  14%  is  obtained  in  this  mode  when  the  power  is  cou¬ 
pled  out  at  the  input  end  (z=0)  but  r)max  has  a  slightly  lower 
value  of  11%  for  the  reflection-type  BWO.  In  the  latter  case, 
T)  oscillates  sis  a  function  of  L  due  to  the  interference  between 
the  forward  and  the  backward  waves.  The  efficiency  of  the 
next  higher  mode  (axial)  for  the  reflection-type  BWO  is  also 
shown  in  the  figure.  This  mode  has  a  higher  critical  length 
[Lc/Lx  =  17.9)  and  higher  frequency.  The  variation  of  the 
output  frequency  with  the  interaction  length  is  plotted  in  Fig 
lb.  The  enhancement  of  efficiency  in  a  tapered  magnetic  field 
is  shown  in  Fig.2  for  a  reflection-type  BWO.  We  consider  a 
linearly  tapered  magnetic  field  of  the  form  B  =  B0(l  +  sz / Lx) 
for  0  <  z  <  L.  Fig.  2a  is  a  plot  of  the  efficiency  as  a  function 
of  the  slope  (s)  of  the  magnetic  field  taper.  Three  values  of 
B0  =  11.0,  11.25  and  11.5  are  used.  The  interaction  length 
L  =  17 Lx  and  the  other  parameters  are  the  same  as  in  Fig.l. 
As  seen  in  the  figure,  rj  increases  sharply  from  8%  to  25%  as  s  is 
raised  to  0.004  (A BjB0  =  6.8%).  The  frequency  of  oscillation 
slowly  shifts  to  higher  values  as  shown  in  Fig.  2b.  The  results 
for  magnetic  tuning  are  given  in  Fig.  3  where  t)  is  plotted  as 
a  function  of  frequency  (f).  The  corresponding  magi'.etic  field 
(B0)  is  also  indicated  in  the  figure.  A  tapered  magnetic  field 
B  =  B0{  1  +  0.00362z/Zrr)  is  used  in  the  calculation.  Other 
parameters  are  the  same  as  in  Fig.2.  The  frequency  tuning 
range  at  the  3-dB  level  is  found  to  be  14.9%  with  a  magnetic 
field  tuning  of  20.5%.  We  now  consider  the  TEn  cylindrical 
mode.  The  calculations  were  done  for  the  boundary  condition 
in  Eq.(l)  with  V  =  50 kV,I  =  3 A, a  =  1.5,Av/vx  =  0.0  and 
B0  =  44.93IG.  The  radius  of  the  waveguide  R^a/i  =  0.113 
cm.  Fig  4a  shows  the  efficiency  as  a  function  of  the  interac¬ 
tion  length  for  a  uniform  magnetic  field  as  well  as  a  linearly 
tapered  field  with  s=0.003.  The  efficiency  increases  from  14% 
to  34%  in  the  tapered  field.  The  frequency  of  the  oscillations 
are  shown  in  Fig.  4b. 

CONCLUSION 

The  efficiency  of  gyro-BWO  with  a  cold  beam  is  calculated 
to  have  a  modest  value  of  10-15%  in  a  uniform  magnetic  field. 
But  the  efficiency  can  be  enhanced  to  over  25%  by  a  suitable 
taper  in  the  magnetic  field.  The  efficiency  of  the  gyro-BWO 
in  the  configuration  where  the  power  is  extracted  at  the  input 
end  is  higher  than  the  reflection-type  BWO.  The  frequency  is 
magnetically  tunable  over  a  wide  range  of  15%.  The  effects  of 
non-zero  axial  velocity  spread  and  finite  thickness  of  the  beam 
will  be  discussed  in  a  detailed  publication. 
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Fig  1.  Efficiency  (tj)  and  frequency  (/)  vs  interaction  length  (L).  Solid 
curve  is  for  boundary  conditions  in  eq.(l)  and  dashed  curve  for  those  in 
eq.(2). 
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ABSTRACT 

A  tunable  backward-wave  oscillator  (BWO)  gyrotron  is 
currently  being  operated  at  MIT  which  is  a  prototype  for  a 
FEL  driver  at  high  frequency.  Novel  features  of  this  design 
are  the  overmoded  TE\i  cylindrical  cavity,  a  wide  band  moth- 
eye  window,  and  the  use  of  a  Pierce-wiggler  gun.  The  design 
objectives  are  voltage  tuning  from  130-140  GHz  with  10  kW 
output  power.  The  interaction  region  is  10Ao  long  where  \0 
is  the  free  space  wave  length.  A  linear  2°  uptaper  is  used  to 
maintain  mode  purity  and  a  broadband  motheye  window  is 
used  for  maximum  transmission. 

INTRODUCTION 

Plasma  heating  experiments  using  a  FEL  as  the  power 
source  require  a  tunable  driver  whose  frequency  can  be  var¬ 
ied  fast  compared  to  the  heating  pulse  length.  Backward  wave 
oscillators  have  this  ability  and  some  experimental  results(l] 
have  been  already  obtained  for  a  oscillator  using  a  fundamen¬ 
tal  rectangular  interaction  region  with  a  hollow  electron  beam 
from  a  MIG  source.  A  3%  voltage  tunability  centered  at  about 
28  GHz  was  demonstrated  with  ss]5%  efficiency.  Caplan  has 
performed  a  design  study[2]  using  a  nonlinear  self- consistent 
computer  code  for  an  overmoded  cylindrical  interaction  region 
using  a  Pierce-wiggler  gun  for  250-265  GHz.  In  that  design, 
radiation  is  totally  reflected  at  the  gun  e.  d  of  the  interaction 
region  and  exits  the  device  in  the  direction  of  the  beam  prop¬ 
agation.  We  have  selected  another  design  point,  130-140  GHz, 
and  produced  a  similar  BWO  gyrotron  design. 

The  experimental  program  has  as  its  goals  the  construc¬ 
tion  of  the  interaction  circuit,  tapers,  and  a  broad  band  window 
and  the  subsequent  operation  of  the  tube.  Initial  operation 
will  be  at  a  single  frequency  and  the  power  and  efficiency  opti¬ 
mized.  Then  the  BWO  gyrotron  efficiency  will  be  studied  and 
optimized  with  respect  to  beam  voltage  (50-70  kV),  wiggler 
period,  and  a  (.8-  2.0). 

EXPERIMENTAL  DESIGN 

The  Pierce-wiggler  gun  was  selected  because  of  its  rel¬ 
atively  strong  coupling  to  the  m=l  modes,  specifically  to  the 
TEu  mode  which  would  eliminate  mode  competition  prob¬ 
lems.  The  gun  specifications  are  listed  in  Tabic  I. 

Table  I 


Parameter 


Specification 


Beam  Voltage 
Beam  Current 
Perveance 
Axial  Field 
Helical  Field 
Beam  Radius 


60-80  kV 
4  A 

.272  p perv 
2800  G  max 
10-12  G 

.127  cm  at  2500  G 


The  helical  field  is  produced  by  flexible  permanent  magnets 
that  can  be  easily  removed  for  pitch  modification.  Approxi¬ 
mately  six  periods  will  be  used  in  the  15  cm  wiggler  length. 
The  gun  is  a  unconventional  because  of  its  compact  design. 

Although  the  TEu  mode  is  most  desirable,  the  result¬ 
ing  circuit  size  is  small  and  virtually  the  same  radius  as  the 
beam  tunnel,  so  that  it  is  impractical  to  implement.  Con¬ 
sequently  the  cylindrical  interaction  region  was  designed  for  a 
TE12  mode.  The  dispersion  relationship  for  this  mode  is  shown 
in  Fig.  1  along  with  several  other  nearby  modes.  For  the  case 
shown,  ubwo/u c=1.22  and  wn/iuc=1.36,  where  ubwo,  tun, 
and  wc  are  the  BWO  frequency,  the  electron  gyro- frequency, 
and  the  cavity  cutoff  frequency  (TEi 2)  respectively.  The  slope 
of  the  beam  line  is  proportional  to  V|j  so  that  voltage  tuning 
changes  the  slope,  and  therefore  the  intersection,  and  the  re¬ 
sulting  frequency  and  wavelength.  Of  the  other  modes,  the 
modes  with  m^l  should  not  couple  strongly.  For  m=l  modes 
lower  than  the  TE12,  the  required  length  is  greater  than  that 
for  the  TEu-  since  the  critical  length  for  BWO  oscillations  is 
proportional  to  Jty. 

A  non-linear  self-consistent  electromagnetic  simulation 
program(2],  was  used  to  determine  the  specifications  of  the 
interaction  circuit  and  to  predict  operational  characteristics  of 
the  lube.  Comparison  of  experimental  results  with  the  code 
predictions  benchmarks  the  code  and  bolsters  our  confidence 
in  its  further  use.  In  the  design  phase,  the  code  was  used 
primarily  to  determine  the  circuit  length.  The  efficiency  as  a 
function  of  length  is  shown  in  Fig.  2  for  several  values  of  axial 
velocity  spread.  Beam  voltage  and  current  were  60  kV  and 
4  A  respectively;  and  o=2  was  assumed.  Anticipated  values 
for  the  experimental  velocity  spread  is  ~8%  so  an  efficiency  of 
«10%  is  expected.  And  Fig.  3  shows  the  output  efficiency  as 
a  function  of  beam  current  for  several  values  of  a.  Table  II 
summarizes  the  interaction  region  specifications. 

Table  11 


Parameter 

Cavity  Radius 
Cavity  Length 
Beam  Radius 
Beam  Tunnel  Radius 


Specification 

.214  cm 
2.141  cm 
.026  cm  at  6.45  T 
.055  cm 


The  output  window  is  a  motheye  window[3]  which  has 
about  90%  transmission  over  a  wide  frequency  range.  Figure  4 
shows  the  measured  transmission  from  a  quartz  window  ultra- 
sonically  machined  with  the  shapes  of  small  pyramids.  Mode 
conversion  and  reflected  power  from  the  window  may  effect  the 
operation  of  the  BWO  gyrotron  and  its  effects  will  be  studied. 
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A  significant  issue  is  the  axial  location  of  the  termina¬ 
tion  of  the  interaction.  In  the  results  presented  above  it  is  as¬ 
sumed  for  computational  and  analytic  convenience  that  it  stops 
at  the  end  of  the  circuit.  This  question  was  examined  compu¬ 
tationally  with  the  non-linear  BWO  code  since  it  can  model 
varying  wall  radius.  Solutions  were  found  for  cases  where  the 
interaction  extended  beyond  the  circuit  end  into  the  uptaper. 
Lower  efficiencies  were  found,  compared  to  the  interaction  ceas¬ 
ing  at  the  circuit  end,  indicating  that  some  reabsorption  by  the 
beam  in  the  uptaper  existed. 

ACKNOWLEDGEMENTS 

We  would  like  to  acknowledge  the  assistance  of  Dr.  M. 
Afsar  for  the  window  transmission  measurement.  We  also 
thank  Drs.  S.Y.  Park  and  A.  Ganguly  for  useful  discussions. 
This  work  was  performed  under  DOE  Contract  No.  W-7405- 
ENG-48  Subcontract  No.  2698003. 


References 


[1] S.Y.  Park,  R.H.  Kyser,  C.M.  Armstrong,  and  R.K.  Parker, 
International  Electron  Devices  Meeting,  Dec.  6-9,  1987,  p.  933 

[2] M.  Caplan,  Twelfth  International  Conference  on  Infrared 
and  Millimeter  Wares,  Dec.  14-18,  1987,  p.  274 

[3] J.Y.L.  Ma,  and  L.C.  Robinson,  Optica  Acta  30,  1685(1983) 


Figure  1.  Dispersion  diagram  for  BWO  gyrotron  with  normal¬ 
ization  to  TEn  mode.  Beam  line  assumes  Vj=60 
kV  and  ct=2.0. 


Figure  2.  Oscillator  efficiency  as  a  function  of  length. 


P'igure  3.  Oscillator  efficiency  as  a  function  of  beam  current. 


Vmlength  (m) 
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Figure  4.  Window  transmission  as  a  function  of  wavenumber. 
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ABSTRACT 

A  cusptron  device  operating  at  sixteenth  cyclotron 
harmonic  has  been  set  up  for  the  development  of  a 
compact  and  high  power  microwave  source.  An  axis- 
encircling  electron  beam  of  22Kev  (7=1. 044)  as  the 
radiation  source  is  produced  from  an  annular 
thermionic  cathode  of  1.4  cm  radius  and  0.16  cm 
radial  thickness  with  a  pierce-type  focusing  electrode 
together  with  a  cusp  magnetic  field. 

A  16-slotted  waveguide  with  b/a=1.23  is  used  for 
the  2ir  mode  operation  where  b  and  a  are  the  radii 
of  the  slots  and  the  inner  wall  of  the  waveguide 
respectively.  a«1.7  cm  is  designed  so  that  the 
operating  magnetic  field  is  364  Gauss  and  the 
radiation  frequency  is  15.6GHz.  11%  efficiency  is 

achieved  from  particle  simulation.  The  results  of  our 
experimental  study  will  be  presented  and  a  comparison 
of  the  experimental  results  with  those  of  particle 
simulation  will  be  made. 

INTRODUCTION 

In  recent  years,  there  has  been  considerable  effort 
in  gyrotron  development  (1,2).  A  gyrotron  is  tuned 
by  varying  the  magnitude  of  the  axial  magnetic  field; 
a  high  frequency  gyrotron  requires  a  large  magnetic 
field  when  it  is  operated  at  the  low  harmonic  mode. 
The  magnetic  field  requirement  is,  however,  reduced  if 
the  device  is  operated  efficiently  at  a  high  cyclotron 
harmonic.  A  promising  way  to  enhance  the  harmonic 
interaction  is  to  maximize  the  finite  Larmour  radius 
effect  by  using  an  axis-encircling  beam  (3-7).  Such  a 
rotating  electron  beam  can  be  produced  by  passing  an 
axially  moving  hollow  beam  through  a  cusp  magnetic 
field.  In  addition,  if  slots  on  the  waveguide  wall  are 
introduced,  it  would  allow  efficient  operation  even  at 
low  beam  energy  (8-10).  The  cusptron  is  a  device 
being  developed  to  carry  these  features.  It  is 
designed  to  operate  at  the  sixteenth  cyclotron 
harmonic;  an  experimental  set  up  has  been  constructed 
to  demonstrate  its  feasibility. 

Similar  to  magnetron  device,  cusptron  can  also 
have  r  mode  and  2ic  mode  operations.  The  tube 
currently  being  operated  will  work  in  the  2x  mode. 
Though  the  results  of  particle  simulations  show  that 
x  mode  operation  can  lead  to  a  better  output 
efficiency  than  2*  mode  operation,  the  difficulty  in 
constructing  a  32  vane  waveguide  for  x  mode 
operation  forces  us  to  choose  the  2*  mode  operation 
at  the  present  stage.  The  machining  work  for  the 
slotted  waveguide  is  further  reduced  if  the  ratio  b/a 
is  not  too  large,  hence,  TEoj  is  chosen  in  the 
design  to  be  the  dominant  mode  of  radiation. 
TEq,  represents  the  dispersion  branch  of  the 
slotted  waveguide  which  becomes  TEq2  mode  at 
b/a*l.  The  purpose  of  this  work  is  to  pave  a  way  for 
the  further  development  of  a  compact  high  power  and 
high  frequency  millimeter  wave  source. 

EXPERIMENT 

The  experimental  set  up  is  shown  in  Figure  la. 
Ten  individually  wound  copper  wire  coils  connected  to 
three  power  supplies  are  used  to  produce  the  desired 


magnetic  field  profile.  A  cusp  field  centered  at  the 
anode  place  is  produced  by  the  three  coils  positioned 
in  the  upstream  region  together  with  the  first  three 
of  the  remaining  seven  placed  in  the  downstream 
region.  The  other  four  coils  in  the  downstream 
region  are  used  to  produce  a  uniform  field  inside  the 
waveguide  for  cyclotron  harmonic  resonance 
interaction.  Each  coil  can  sustain  a  maximum  of  20 
amperes  current  (~lkG  magnetic  field)  without 
overheating  for  an  extended  period  of  operation.  The 
cusp  transition  width  is  narrowed  substantially  by  a 
soft  iron  plate  positioned  between  the  upstream  and 
downstream  regions  and  jointed  as  part  of  the  anode. 
The  axial  distribution  of  the  magnetic  field  along  the 
neutral  axis  is  measured  as  plotted  in  Figure  lb, 
where  the  cusp  transition  length  is  found  to  be  about 
0.5  cm.  The  system  vacuum  is  maintained  by  an  ion 
pump  at  about  10'8  torr. 

A  hollow  electron  beam  will  be  produced  from  an 
annular  thermionic  cathode  of  1.4  cm  radius  and  0.16 
cm  radial  thickness  with  a  Pierce-type  focusing 
electrode.  The  electron  axial  energy  is  provided  by  a 
hard  tube  modulator  with  a  maximum  capability  of  30 
eV  and  10  A  current.  The  pulse  width  and  pulse 
repetition  rate  is  adjustable  from  10-2j*s  and  200 
Hz-lKz  respectively.  The  cathode  is  mounted  on  a 
bellow  coupled  tubing  to  facilitate  alignment  and  the 
adjustment  of  the  cathode-anode  gap  without  breaking 
the  vacuum  system.  The  anode  with  an  annular  slit 
of  width  0.2  cm  supported  by  three  bridges  is 
attached  to  the  iron  plate.  The  slit  will  allow  the 
hollow  electron  beam  to  pass  through  the  magnetic 
cusp  transition  region,  where  the  vtxBr  force 
converts  the  beam  axial  velocity  v,  into  the 
azimuthal  velocity  v#  on  the  downstream  side  of 
the  cusp  transition.  The  16-vane  waveguide  for  the 
beam-wave  interaction  is  placed  immediately  behind  a 
high  voltage  break  in  the  downstream  region. 

The  slotted  waveguide  is  designed  based  on  the 
results  of  numerical  particle  simulations.  Shown  in 
Figure  2  are  the  dependences  of  ka  and  n  on  b/a  for 
TEq2  mode,  where  k  and  v  are  the  transverse 
wave  number  of  the  TE02  mode  and  the 
solution  efficiency  of  the  radiation  respectively.  It 
shows  that  the  first  peak  of  the  efficiency  is  located 
near  b/a»1.23.  The  corresponding  ka  value  is  5.55. 
The  other  peaks  are  not  considered  because  they 
require  larger  b/a  value  and  also  operate  at  lower 
output  frequencies  (i.e.  smaller  ka  values).  A 
photographic  picture  of  the  waveguide  with  b/a=1.23  is 
shown  in  Figure  3.  Since  the  radius  rL  of  an  ideal 
E-layer  is  equal  to  the  radius  of  the  hollow  beam,  it 
is,  thus,  fixed  by  the  radius  of  the  annular  cathode 
rc,  i.e.  rL»rt.  From  the  relations 
k  c  =  I  6  f\,  /  70  ,  vjl  =  (  /  70  )  rL  ,  and 

70  =  (  1  -  v2±  /  c2  Y1!2  ,  w  e  obtain  T0  =[  1  - 

(krc/ 16)2]'^2  fy=70te/16  and  w=kc.  Using 

the  specific  values  rc=1.4  cm  and  k=3.267cm‘ 
1,  the  operating  voltage,  magnetic  field  and  output 
frequency  are  determined  to  be  22kV(i.e.  7o=1.044), 
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364  Gauss,  and  15.6GHz  respectively.  The  operational 
characteristics  of  the  tube  are  summarized  in  Table  1. 
At  present,  very  weak  signal  in  the  expected 
frequency  region  has  been  observed.  We  are  in  the 
process  of  doing  fine  tuning  for  the  operational 
parameters  in  order  to  achieve  the  expected  output 
power. 
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ABSTRACT 

The  influence  of  the  curvature  of  the  reso¬ 
nator  wall  on  the  frequency,  quality  fac¬ 
tor,  efficiency,  current  and  the  optimum 
magnetic  field  is  studied  within  the  frame¬ 
work  of  a  simple  resonator  model  for  a  gy- 
rotron  operating  at  150  GHz  in  the  TE03 
mode  with  the  output  power  200  kW. 

INTRODUCTION 

A  design  of  a  resonator  with  a  curved  wall 
for  a  gyrotron  was  reported  as  early  as 
1974  in  [1],  where  it  was  shown  that  reso¬ 
nators  with  a  rather  complicated  curvature 
can,  indeed,  increase  efficiency  of  a  gyro¬ 
tron.  Obviously,  the  most  general  method  of 
study  of  resonator  geometry  can  be  posed  in 
the  form  of  the  inverse  problem  [2]:  de¬ 
termining  the  geometry  of  a  cavity  for  a 
desired  (for  example,  optimized  with  re¬ 
spect  to  maximum  efficiency  and  minimum 
mode  competition)  field  profile.  In  this 
approach  the  problem  (as  yet  unsolved)  of 
choice  of  a  class  of  test  functions  for 
field  profiles  arises.  In  recent  years 
several  investigations  of  the  direct  prob¬ 
lem  (finding  field  profile  on  the  basis  of 
given  geometry)  for  resonators  with  special 
forms  have  been  carried  out  (see  the  review 
[3]  and  references  therein) .  In  the  present 
work  we  investigate  theoretically  the  in¬ 
fluence  of  the  curvature  of  a  resonator 
wall  on  the  frequency,  quality  factor,  ef¬ 
ficiency,  current  and  the  optimum  magnetic 
field  with  a  simple  resonator  model  for  a 
gyrotron  operating  under  the  conditions 
close  to  the  KfK  experiment:  F  =  150  GHz, 
TE03  mode,  P  =  200  kW,  v,/vB  =  1.5, 
and  U  =  70  k9. 

RESONATOR 

The  geometry  of  the  resonator  studied  is 
shown  in  Fig.  1.  It  consists  of  the  input 
and  output  straight  tapered  sections  and  of 
the  curved  main  part  in  the  form  of  a  cir¬ 
cular  arc.  In  the  study  the  maximum  resona¬ 
tor  radius  R  was  varied  between  R  , 
which  corresponds  to  the  straight  main  sec¬ 
tion  and  3.314  mm. 


CALCULATIONS 

The  calculations  were  performed  both  in  the 
cold  cavity  approximation  and  self- 
consistently  using  the  gyrotron  theory  de¬ 
veloped  at  Gorky  [4]  with  the  formalism  de¬ 
scribed  by  us  in  detail  in  [5], 

RESULTS 

The  results  of  the  calculations  are  pre¬ 
sented  in  Figs.  2  -  6  as  functions  of 
AR  =  R  “  R_-  As  expected,  the 
frequency  decreases  linearly  (Fig.  2  )  and 
the  quality  factor  increases  (Fig.  3)  with 
increase  of  R  .  On  the  other  hand,  the 
efficiency  and, therefore,  the  current  are 
highly  nonlinear  functions  of  R  .  For 
R  >  R  +  0.05  mm  efficiency  drops3 
anaxcurrent  rises  dramatically  (Figs.  4  and 
5) .  The  optimum  magnetic  field  decreases 
with  increase  of  R  .  The  calculations 
in  the  cold  cavity3Xapproximation  agree 
qualitatively  with  the  results  obtained  in 
the  self-consistent  approach.  In  the  latter 
case  no  solutions  were  found  for  large  a  R. 

CONCLUSIONS 

In  the  model  studied  the  curvature  of  the 
resonator  wall  has  a  negative  effect,  and 
if  it  is  large  enough  R  -  RQ  >  0.05 

mm  it  may  very  serious!?  deteriorate  the 
gyrotron  operation.  This  makes  stringent 
demands  on  manufacturing  methods  of  resona¬ 
tor  and  on  cooling  conditions  which  should 
prohibit  any  mechanical  deformation  of  a 
resonator.  The  influence  of  the  curvature 
on  the  mode  competition  between  the  princi¬ 
pal  TE03  mode  and  the  parasitic  TE32  and 
TE52  modes  is  under  study  and  will  be  re¬ 
ported. 
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Figure  1 

Geometry  of  the  resonator  studied:  L,  = 
19  mm,  L  =  10  mm,  L,  =  15  mm,  R  =  1 
3.242  mmf  e.  =  0.5°  Snd  =  3  .° 


Figure  4 

Efficiency  as  a  function  of  4R;  o:  cold 
cavity  approximation,  a:  self-consistent 
calculation.  The  results  are  for  p  = 
200  kW  and  optimum  magnetic  field. out 
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Figure  2 

Frequency  as  a  function  of  aR?  o:  cold  ca¬ 
vity  approximation,  A : self-consistent  cal¬ 
culation. 


Current  as  a  function  of  aR?  o:  cold  ca 
vity  approximation,  a :  self-consistent 
calculation.  The  results  are  for  p  = 
200  kW  and  optimum  magnetic  field. out 


Figure  3 

Quality  factor  as  a  function  of  aR? 
o:  cold  cavity  approximation,  a:  self- 
consistent  calculation. 


Figure  6 

Optimum  magnetic  field  as  a  function  of 

AR.  The  results  are  for  p  .  =  200  kW. 

out 
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AT  Ka  AND  W-BAND 
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ABSTRACT 

The  design  and  development  of  Ka-band  (26.5- 
40  GHz)  and  W-band  (75-110  GHz)  parallel-coupled 
filters  with  suspended  stripline  structure  is  described. 
The  measured  insertion  loss  at  the  passband  is  about 
1  dB  for  Ka-band  and  2  dB  for  W-band.  The  return 
losses  are  more  than  12  dB  in  the  passbands  for  both 
frequency  bands. 

INTRODUCTION 

Technological  advances  in  millimeter-wave  field 
have  contributed  to  the  growth  of  millimeter-wave 
systems  during  the  last  several  years.  Almost  all  milt- 
meter-wave  receiver  systems  require  input  bandpass 
filter  for  image  or  hormonic  rejection.  Therefore, 
a  need  for  reliable  low  cost  millimeter-wave  components 
has  lead  to  the  development  of  integrated  printing 
circuits.  The  printed  circuit  technology  is  used  to 
reduce  the  size  and  cost,  and  to  improve  the  perfor¬ 
mance  and  reproducibility  in  the  production  of  milli¬ 
meter-wave  systems. 

This  paper  describes  the  design  and  performance 
of  the  parallel-coupled  line  filters  with  suspended  strip¬ 
line  structure  at  Ka  and  W-band.  The  filters  are  de¬ 
signed  on  the  suspended  substrates  with  built  in  transi¬ 
tions  to  waveguide  input  and  output. 

TRANSITIONS 

Before  the  development  of  the  filter  networks, 
techniques  that  allow  for  the  transition  from  waveguide 
to  suspended  stripline  must  be  formulated.  The  electric 
probe  transition  was  chosen  because  it  can  be  fabricate A 
as  an  integral  part  of  the  stripline  and  the  difficulty 
of  making  reliable  electrical  contacts  is  avoided. 

Ka-band  printed  circuit  transitions  have  been 
previously  demostrated  with  various  Fin-line  mixers 
(1).  W-band  transition  circuit  is  designed  on  an  5- 
mil-thick  RT-5880  substrate  with  1/8  oz.  roll  copper. 

The  dielectric  constant  is  2.2.  We  fabricated  and 
tested  two  such  transitions  connected  back  to  bad: 
by  a  0.6-inch-long  suspended  stripline.  Good  measured 
results  are  shown  in  Figure  1.  The  return  loss  is  better 
than  12  dB,  and  the  total  insertion  loss  is  about  1 

dB  over  the  entire  W-band  (75-110  GHz).  The  insertion 
loss  of  each  transition  Is  about  0.3  dB.  The  test  fixture 
of  this  type  transition  is  relatively  simple,  and  sliding 
short  can  be  used  to  optimized  the  performance  at 
the  specified  narrow  band  frequency. 

DESIGN  AND  RESULTS 

The  suspended  parallel-coupled  line  filter  is  design¬ 
ed  by  using  a  distributed  prototype.  The  design  proce¬ 
dures  have  been  published  in  several  papers  (2]-[4). 

However,  in  the  practical  realizations  at  millimeter- 

wave  frequencies,  several  design  iterations  are  normally 


required  to  alleviate  the  end-step  discontinuities,  the 
transmission  lines  and  the  prototype  problems. 

Figure  2  shows  a  typical  layout  and  equivalent 
circuit  of  coupled-line  filter.  In  our  design,  a  cascade 
of  five  parallel-coupled  resonators  with  a  half-wavelength 
at  center  frequency  is  chosen  for  both  Ka  and  W-band. 
Six  sections  of  quarter-wavelength  long  coupled 
transmission  line  connected  in  series  can  be  also  seen 
in  the  equivalent  circuit.  The  K  inverters  in  the  proto¬ 
type  are  first  from  the  synthesis  procedures  12)[4). 
Then  the  even-and  add-mode  impedances  (Zoe  and  Zoc) 
of  the  coupled  lines  are  computed  from  the  impedance 
inverter  values.  The  line  width  and  spacing  of  each 
coupled-line  section  are  determined  by  the  even-  and 
odd-mode  impedances.  Finally,  the  coupled  length 
of  each  section  was  determined  by  the  Dell-Imagine 
formula  [5). 

Figure  3  and  4  are  the  pictures  of  two  complete 
filters  at  Ka  (26.5-40  GHz)  and  W-band  (75-110  GHz). 
It  can  be  viewed  that  parallel-coupled  line  filter  at 

the  center  and  two  waveguide-to-suspended-stripline 
probe  transitions  at  both  sides  of  waveguide  input  and 
output  ports.  The  complete  circuit  is  fabricated  on 
a  single  substrate,  which  is  then  cut  to  size  and  placed 
into  a  split-block  housing.  The  W-band  filter  was  fabri¬ 
cated  on  5-mil-thick  Duroid  5880  using  chemical  etching, 
and  the  Ka-band  filter  was  also  fabricated  on  Duroid 
5880  substrate  with  the  thickness  of  10-mil. 

The  Ka-band  filter  was  evaluated  over  the  fre¬ 

quencies  of  interest,  and  its  performance  is  shown 
in  Figure  5.  The  insertion  loss  is  about  1  dB  and 
return  less  is  12  dB  over  the  7-GHz  passband  (28.5- 

35.5  GHz).  Figure  6  shows  the  performance  of  W- 
band  filter  with  10-GHz  passband  (84.5-94.5  GHz). 
The  measured  insertion  loss  is  approximately  7  dB 
and  return  loss  is  more  that  15  dB  in  the  passband. 

CONCLUSIONS 

Millimeter-wave  Parallel-coupled  line  filters  have 
been  designed  and  developed  with  suspended  stripline 
structure.  Good  performances  have  been  achieved 

at  Ka  and  W-band.  A  simple  split-block  housing  with 
printed  circuit  makes  these  filters  highly  reproducible. 
These  light  weight,  small  size  and  low  cost  filters 
are  suitable  for  millimeter-wave  systems. 
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Figure  1.  Performance  of  W-band  electric  probe  type 
transition  (  Loss  including  two  transitions 
and  0.6-inch  suspended  stripline  ). 


Figure  2.  Layout  and  equivalent  circuit  of 
parallel-coupled  line  filter 


0.4  in. 


Figure  3.  Photograph  of  a  completed  Ka-band 
filter. 


Figure  4.  Photograph  of  a  completed  W-band 
filter. 


Figure  5.  The  Measured  return  loss  and  insertion  loss 
of  a  Ka-band  filter  with  7-GHz  passband. 


Figure  6.  The  measured  return  loss  and  insertion  loss 
of  a  W-band  filter  with  10-GHz  passband. 
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ABSTRACT 

Two  different  types  of  5/2-wavelength  rat-race-type 
directional  couplers  with  a  remarkably  increased  power- 
split  ratio  for  a  realizable  ring-impedance,  in  particular 
which  are  useful  for  millimeter-wave  circuits  suffering 
from  the  severe  restriction  on  the  usable  impedance 
range,  are  described.  Experimental  corroboration  is  pro¬ 
vided  in  the  microwave  region  (at  8  GHz). 


INTRODUCTION 

The  3A/2  rat-race-type  (or  hybrid  ring)  directional 
coupler  with  3-dB  (1)  or  an  arbitrary  coupling  (2)  has 
been  employed  as  an  important  circuit  element  in  micro- 
wave  communications  systems  and  radar  systems.  Howev¬ 
er,  this  conventional  coupler,  especially  when  constructed 
of  printed-circuits,  suffers  from  a  deterioration  of  accu¬ 
racy  in  manufacturing  and  lastly  falls  into  impossibility 
to  manufacture  with  increasing  of  power-split  ratio,  be¬ 
cause  a  pair  of  lines  between  its  two  adjacent  arms  is 
required  to  have  a  higher  characteristic  impedance  and 
lastly  the  width  of  the  lines  becomes  unrealizable.  This 
problem  becomes  more  serious  in  the  millimeter-wave 
region  owing  to  severer  restriction  on  the  usable  imped¬ 
ance  range. 

This  paper  deals  successfully  with  the  above  difficul¬ 
ty  by  designing  5A/2  rat-race  circuits  with  A /4  impedance 
steps  on  the  ring. 


CONFIGURATIONS  AND  SCATTERING  MATRICES 

In  this  section,  we  consider  the  two  types  of  5  A/2 
couplers  illustrated  in  Fig.  1.  The  characteristic  admit¬ 
tance  of  the  four  arms  is  normalized  to  unity.  The  vari¬ 
able  parameters  are  the  three  normalized  admittances  ft, 
ft  and  for  type-A,  and  ft,  Tftand  ft  for  type-B.  The 
impedance  matching  conditions  and  the  scattering  ma¬ 
trices  of  both  the  types  at  the  design  frequency  are 
given  as  follows: 


C=201ogio|S3i|  and  C=201ogio |Si,i |  (or  =201  og  10(^32!), 
respectively,  we  have 

C  =  401ogioft  -  201ogioft.4  (5a) 

C  =  401ogioft  -  201ogioft.4  (5b) 

On  the  other  hand,  the  coupling  factor  of  a  conven¬ 
tional  3  A/2  coupler  can  be  described  by 

C  =  201ogjoft  or  C  =  201ogiOft  (6) 

according  as  ft>ftor  ft>  ft  (2).  A  close  look  at  eqs.  (5) 
and  (6)  indicates  that  if  ft .4=1  andFi^l,  the  maximum 
absolute  values  in  dB  of  the  realizable  coupling  factors  for 
both  the  5  A/2  couplers  are  twice  as  large  as  that  of  the 
conventional  coupler  for  the  same  realizable  impedance. 

Now,  if,  as  an  example,  we  consider  a  coupler  with 
four  equal  arms  of  50  &  constructed  of  a  microstrip  line 
on  a  0.2-mm-thick  alumina  substrate  in  U-band,  the  min¬ 
imum  coupling  factor  of  a  conventional  3A/2  coupler  is 
limited  to  approximately  -8.9  dB  but  that  of  the  present 
couplers  is  allowed  to  -19.8  dB  because  of  the  usable  im¬ 
pedance  range  of  40-140  ft  (3). 

Figs.  2  and  3  show  the  frequency  characteristics  of 
the  scattering  parameters  of  type-A  and  B  couplers  with 
a  coupling  factor  of  -15  dB.  From  these  figures  it  is 
found  that  type-A  is  more  favorable  than  type-B  in  the 
bandwidths  of  power  split  and  isolation,  but  in  the  phase 
behavior  type-B  is  much  more  excellent. 


Fig.  1  Schematic  configurations  of  5A/2  rat-race-type 
directional  couplers,  (a)  Type-A.  (b)  Type-B. 
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Defining  the  coupling  factors  of  type-A  and  B  as 


Fig.  2  Computed  scattering  Fig.  3  Computed  scattering 
parameters  of  type-A.  parameters  of  type-B. 
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Fig.  4  Impedance  steps  Inserted  between  arms  1  and  4. 
(a)  Type-A.  (b)  Type-B. 
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Fig.  7  Computed  values  of 
|  S^i  vs.  fiequency 
for  a  tested  coupler. 
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Fig.  8  X-Y  recording  of  |s^| 
of  the  tested  coupler 
with  a  coupling  factor 
of  -20dB. 
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Fig.  5  Computed  scattering 
parameters  of  an  im¬ 
proved  type-A. 
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Fig.  6  Computed  scattering 
parameters  of  an  im¬ 
proved  type-B. 


EFFECT  OF  ADDITIONAL  IMPEDANCE  STEPS 
ON  CHARACTERISTICS 

In  this  section,  as  illustrated  in  Fig.  4,  we  deal  with 
couplers  having  A/4  impedance  steps  added  between  arms 
1  and  4  for  the  purpose  of  improving  on  bandwidths  of 
some  scattering  parameters.  The  characteristic  admit¬ 
tances  of  the  additional  steps  have  to  satisfy  the  follow¬ 
ing  equations  from  the  matching  condition  at  the  center 
frequency: 

F3VF34  =  Y 1  _ _  (7) 

W*!*/?***  =  /I  -  Fa2  (8) 

Figs.  5  and  6  exhibit  the  frequency  dependency  of 
each  scattering  parameter  of  the  two  improved  couplers. 
For  type-A,  as  can  be  seen  in  Fig.  5,  a  broadband  match¬ 
ing  of  the  input  arm  yielding  geometrically  symmetric 
and  in-phase  outputs  (i.e.,an  improvement  of  |Su  I )  is  ob¬ 
tained  almost  without  degrading  the  other  parameters. 
Fig.  6  shows  considerable  improvements  in  power  split 
and  isolation  for  type-B. 


EXPERIMENTAL  RESULTS 


of  -20dB  at  8GHz  was  fabricated  using  a  stripline  on  a 
i.s  1/16-inch  Rexolite  1422  substrate  and  tested  as  an  exam¬ 
ple.  The  calculated  and  measured  scattering  parameters 
'■c  are  shown  in  Figs.  7  and  8,  respectively.  A  close  agree¬ 
ment  between  both  the  results  is  observed. 


CONCLUSIONS 

Two  types  of  5A/2  rat-race-type  directional  couplers 
realizable  of  larger  power-split  ratio  than  any  other  rat- 
race  coupler  and  methods  of  improvement  on  their  band- 
widths  have  been  presented.  The  configurations  of  these 
couplers  are  useful  to  construct  a  coupler  of  a  narrow 
stripline  or  microstrip  line  fabricated  on  a  substrate  of  a 
small  thickness  and/or  with  a  high  dielectric  constant. 
Experimental  corroboration  in  the  millimeter-wave  region 
and  an  examination  of  excessive  transmission  loss  caused 
by  the  additional  ring  line  of  a  wavelength  would  be  im¬ 
portant  subjects  for  further  work. 
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Abstract 

This  paper  describes  active  circulators 
for  microwave  band.  Using  three  dual-gate 
FETs,  a  2  GHz  band  circulator  was  con¬ 
structed.  The  bandwidth  of  this  circulator 
is  1.3  GHz,  and  the  insertion  loss  and  the 
isolation  are  0.3  dB  and  30  dB,  respectively. 
Furtner,  the  circulator  for  5-18  GHz  band 
is  proposed  and  tested.  Three  amplifiers 
for  5-18  GHz  and  three  power  dividers'  are 
used.  The  frequency  range  of  this  circulator 
is  from  5  to  18  GHz.  The  circulator  exhibit 
the  insertion  loss  of  0.3  dB  and  the  isola¬ 
tion  of  30  dB.  The  circulator  for  5-18 
GHz  band  can  be  used  for  the  input  power  up 
to  19  dBm. 

Introduction 

Many  studies  of  the  microwave-band 
circulators  using  rectangular  waveguides, 
coaxial  lines  or  strip  lines  have  been  re¬ 
ported.  The  circulators  using  microstrip 
line,  which  are  small  in  size  and  have 
broadband  characteristics,  have  been  com¬ 
mercially  available.  With  the  advancement 
of  MMIC  of  microwave-band  amplifiers  and 
oscillators ,  the  circulators  at  the  input 
and  output  terminals  of  MMIC  become  neces¬ 
sary.  In  a  conventional  circulator,  a  perma¬ 
nent  magnet  is  placed  on  the  ferrite.  When 
this  type  of  circulator  is  used  in  MMIC, 
the  magnetic  field  may  induce  Hall  effect  in 
the  semiconductors ,  which  is  harmful  to  the 
MMIC.  Although  an  active  circulator 
requires  power,  no  magnetic  field  is  associ¬ 
ated  with  it.  Hence  this  type  of  circulator 
is  desirable  for  the  MMIC.  Concerning  an 
active  circulator,  Tanaka  et  al.(l)  con¬ 
structed  the  circulator  for  500  Hz  -  3  MHz 
band  using  three  transistors. 

The  autnor  constructed  tne  2  GHz  band 
active  circulator  using  three  dual-gate 
FETs  by  the  method  of  Tanaka  et  al.  and 
proposes  one  type  of  active  circulator. 

Three  amplifiers  for  5-18  GHz  and  three 
power  dividers  are  used.  This  circulator 
exhibit  broadband  characteristic,  and  the 
bandwidth  is  5  -  18  GHz.  The  isolation  and 
the  insertion  loss  are  30  dB  and  0.3  dB, 
respectively.  The  active  circulator  has 
broadband  characteristics  which  are  beyond 
comparison  with  those  of  the  conventional 
one  using  ferrite.  Moreover,  around  1  GHz, 
the  conventional  circulator  is  bulky  and 
its  bandwidth  is  narrow,  whereas  the  active 


circulator  is  compact  and  has  wide  band¬ 
width. 

Structures  of  the  active  circulators 
and  experimental  results 

Figure  1  shows  the  circuit  of  an  active 
circulator  constructed  using  three  dual-gate 
' FETs (FET1  -  FET3) .  In  the  circuit,  FET4  - 
FET6  are  single-gate  FETs  and  are  used  as 
variable  resistances.  GaAs  dual-gate  FET  is 
MGF-1100  and  signal-gate  FET  is  2sk273.  When 
the  signal-gate  FETs  were  used  in  place  of 
FET1  -  FET3,  the  oscillation  occurred.  The 
three  dual-gate  FETs  were  used  to  prevent 
this  oscillation.  In  Fig.  1,  the  power  inci¬ 
dent  on  terminal  1  appears  at  terminal  3  and 
not  at  terminal  2.  Likewise,  the  power  inci¬ 
dent  on  terminal  3  appears  only  at  terminal 
2,  and  the  power  coming  to  terminal  2  emerges 
only  from  terminal  1.  When  the  voltages 

20Q  FET4  20n 


Fig.  1  Circuit  diagram  of  an  active 
circulator  using  FETs. 


across  gate  and  source  of  single-gate  FETs 
(FET4  -  FET 6)  are  changed,  the  inner  resist¬ 
ances  of  the  FETs  are  also  changed.  By 
changing  the  voltages,  the  inner  resistances 
were  adjusted  to  the  values  for  which  the 
isolation  of  the  circulator  becomes  large. 

Figure  2  shows  a  photograph  of  the 
circulator  of  Fig.  1.  As  shown  in  this 
figure,  open  transmission  lines  were 

employed  at  the  input  and  output  terminals 
to  obtain  the  impedance  matching  at  both 
terminals.  The  experiment  on  this  circu¬ 
lator  was  carried  out  in  2  GHz  band.  Figs. 
3a,  3b  an'd  3c  show  the  characteristics  of 
the  circulator  of  Fig.  2.  As  seen  from  Fig. 
3a,  .the  frequency  range  is  from  1.3  to  2.6 
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GHz,  and  the  insertion  loss  is  0.3  dB. 

Since  three  dual-gate  FETs  have  the  same 
characteristics,  the  experimental  results 
obtained  for  any  two  of  the  three  terminals 
are  almost  the  same.  We  see  from  Fig.  3b 
that  the  isolation  is  20  dB  in  the  range  of 
1.3  -  2.6  GHz.  The  input  vs  output  charac¬ 
teristics  are  shown  in  Fig.  3c,  which  indi¬ 
cates  that  the  output  power  is  2.35  mW  when 
the  input  power  is  2.6  mW  and  it  saturates 
for  the  input  power  larger  than  2.6  mW. 


Fig.  2  Photograph  of  the  circulator 
of  Fig.  1. 


- *— .Terminal  1-3 

—  a — .Terminal  3-2 

—  •  -—Terminal  2-1 


Frequency  GHz 

Fig.  3a  Insertion  loss  or  the  circulator. 


Frequency  GHz 


Fig.  3b  Isolation  of  the  circulator. 

The  circulator  shown  in  Fig.  4  was 
constructed  by  using  three  amplifiers  and 
three  power  dividers.  The  three  amplifiers 
are  the  products  of  Fujitsu,  and  they  op¬ 
erate  in  the  range  5  -  18  GHz.  As  shown  in 
Fig.  4,  the  attenuators  are  connected  at 
the  output  terminals  of  the  amplifiers.  As 
the  gain  of  these  amplifiers  cannot  be  con- 


°  Input  power  mW 

Fig.  3c  Input  vs  output  characteristics 
of  the  circulator. 

trolled,  we  must  use  attenuators.  If  we  do 
not  use  them,  the  oscillation  occurs.  The 
amount  of  attenuation  was  so  chosen  that 
the  insertion  loss  became  0.3  dB  for  the 
same  reason  as  that  explained  before. 

Figure  5  shows  the  characteristics  of 
the  circulator  of  Fig.  4.  As  seen  from  the 
figure,  it  works  in  the  range  of  5  -  18  GHz. 
The  insertion  loss  and  the  isolation  are 
0.3  dB  and  30  dB,  respectively.  The  output 
power  of  this  circulator  is  18.7  dBm  for 
the  input  power  of  19  dBm,  which  is  the 
maximum  input  power  with  no  saturation.  It 
depends  on  the  input-power  level  that  which 
type  of  the  amplifier,  either  small-signal 
or  medium-power  amplifier,  should  be  used 


active  circulator. 


Frequency  GHz 

Fig.  5  Frequency  characteristics  of  the 
5-18  GHz  band  active  circulator. 
(1)  S.  Tanaka  et  al.  PROC.IEEE,  Vol.  53,  No. 3 
PP.  260-267,  Mar.  1965. 
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A  SIMPLE  AND  LOW  COST  3-PROBE  MEASUREMENT 
TECHNIQUE  USING  MICROSTRIP  CIRCUITS 


Kai  Chang,  Ming-Yi  Li  and  Thomas  Sauter 
Department  of  Electrical  Engineering 
Texas  A&M  University 
College  Station,  Texas  7 7843 


ABSTRACT 

A  simple  and  low  cost  measurement  system  using  3-probe 
microstrip  circuits  has  been  developed  for  impedance  and  S- 
parameter  measurements.  The  coupling  coefficients  for  the 
three  probes  can  be  unequal  and  only  one  power  meter  is  re¬ 
quired.  The  measured  results  agree  very  well  with  those  ob¬ 
tained  from  an  HP  8510  automatic  network  analyzer. 

INTRODUCTION 

The  impedance  and  S-parameter  measurements  at  micro- 
wave  and  millimeter- wave  frequencies  are  very  challenging  since 
both  phase  and  amplitude  need  to  be  determined.  The  conven¬ 
tional  slotted  line  measurement  is  tedious  and  slow.  Measure¬ 
ments  using  the  modern  automatic  network  analyzer  are  fast 
and  accurate,  but  the  equipment  is  very  expensive  and  difficult 
to  extend  into  millimeter-wave  frequencies. 

A  microstrip  3-probe  measurement  system  has  been  devel¬ 
oped  providing  an  alternative  for  low  cost  impedance  measure¬ 
ments  [1].  The  3-probe  measurement  techniques  have  been 
proposed  before  for  coaxial  and  waveguide  systems  [2,3].  The 
use  of  microstrips  has  the  advantages  of  small  size,  light  weight 
and  low  cost. 
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MEASUREMENT  SETUP 

The  measurement  setup  is  shown  in  Figure  1.  A  stable 
source  is  connected  to  a  3-probe  microstrip  circuit.  The  system 
only  requires  to  measure  the  amplitude  or  power  of  the  signals 
at  the  3  ports.  Using  a  switch,  only  one  power  meter  is  needed 
to  detect  the  output  power  level  of  the  three  probes.  The 
microstrip  circuit  layout  is  shown  in  Figure  2. 

The  measured  power  level  at  each  port  corresponds  to  the 
standing  wave  along  the  terminated  transmission  line.  The 
power  measured  at  the  ith  port  is  given  by 

Pi  =  ?, Poll  +  a.Tte-^f  for  i  =  1,2, 3 

where  Ti,  is  the  reflection  coefficient  due  to  the  unknown  load. 
(1  is  the  propagation  constant,  a,-  are  the  locations  of  probes. 
and  <n  are  the  calibration  factors  which  will  be  determined  by 
calibration.  Three  calibration  standards  are  used  to  determine 
«;  and  <n-  They  are  a  perfectly  matched  load,  a  short  circuit, 
and  an  open  load. 

RESULTS 

A  circuit  was  built  using  Duroid  5870  substrate  with  a 
thickness  of  1.524  mm.  With  A?i  =  14.35  m,'>  and  =  15.5 
mm,  a  bandwidth  of  8  to  10.5  GHz  can  b.  •  :hieved  for  the 
measurement.  The  same  circuit  can  be  used  io  measure  other 
bandwidths  with  new  calibration.  To  demonstrate  the  tech¬ 
nique,  the  measured  results  for  a  mismatch  load  are  shown 
in  Figure  3.  The  results  obtained  from  the  HP  8510  network 
analyzer  are  shown  in  the  same  figure  for  comparison. 

The  use  of  this  circuit  for  S-parameter  measurements  is 
under  development.  Some  results  will  be  presented  in  the  con¬ 
ference. 
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Figure  3.  Measurement  Results  for  a  Mismatch  Load 


Figure  2.  Microstrip  Circuit  Arrangement 
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Karen  A.  Lee  and  Margaret  A.  Frcrking 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena,  CA  91109 


Abstract 


A  quasi-optical  reflection  cavity  has  been  designed,  constructed,  and  tested  and  consists  of  three  elements  in  cascade, 
a  high  Q  folded  Fabry-Perot  resonator,  a  lower  Q  Fabry-Pcrot  resonator,  and  a  diffraction  grating.  The  resonator  exhibits 
a  Q  of  6700  and  1.6  dB  of  loss  at  63  GIIz.  The  design  can  be  scaled  to  1  TIlz  to  serve  as  the  resonator  for  high  frequency 


quantum  well  resonant  tunneling  device  oscillators. 
Introduction 

A  single  mode,  high  Q,  quasi-optical,  tunable  resonator  has  been 
designed,  fabricated,  and  tested  at  63  GHz.  The  resonator  is  easily 
scalable  to  frequencies  as  high  as  1000  GHz.  Such  a  structure  could 
serve  as  the  resonator  for  a  quasi-optical  oscillator  employing  a  resonant 
tunneling  device,  which  exhibits  negative  resistance  at  submiHimctcr 
wavelengths  (1).  The  quasi-optical  design  consists  of  three  elements  in 
cascade.  A  high  finesse  Fabry-Perot  interferometer  with  a  Q  of  6700 
defines  the  Q  of  the  sysiem.  It  is  followed  by  a  low  finesse  Fabry-Perot 
interferometer  and  a  Lit  trow  mounted  diffraction  grating  to  filter  all  but 
the  single  desired  mode.  The  transmission  of  each  clement  was  measured 
at  a  fixed  frequency  of  63  GHz,  and  the  measured  loss  of  each  combine 
for  a  total  round  trip  loss  of  less  than  1.7  dB.  Deviation  from  the  design 
parameters  can  be  understood  when  the  various  loss  mechanisms  are 
accounted  for. 

Resonator  Design 


Tabif.  1.  Comparison  of  Rf.sui.ts. 


llicn  Q  Fabry-Pfrot 

Design 

Measurement 

Design  with 
Losses 

FSfl(.MIIz) 

401 

401  ±  1.5 

401 

A/(MIIz) 

80 

9.5  ±1.5 

8.1 

It 

— 

.910 

— 

a 

— 

.0011 

.001} 

F 

50  8 

12.2  ±8.1 

49.8 

Q 

Low  Q  Fabry-Perot 

8000 

6631  ±811 

7827 

/■’Stf(MIIz) 

1000 

971  ±4.5 

1000 

A/(MHz) 

272 

288  ±4  5 

283 

R 

— 

.436 

— 

Q 

— 

020 

.006} 

F 

3  68 

3  38  ±0.07 

3  53 

Q 

Dieeraction  Crating 

231 

219±36 

223 

A»P) 

26 

4.1  ±0.4 

32 

<WC) 

72  67 

71.13  ±02 

— 

Q 

— 

.12 

.01} 

A/(MIIz) 

1.0 

1.6  ±  0.15 

1.2 

Q 

63 

40±3  6 

56 

In  the  quasi-optical  oscillator,  the  resonant  tunneling  device  biased 
in  the  negative  resistance  region  generates  broad  band  white  noise.  This 
white  noise  is  coupled  to  the  high  Q  quasi-optie.il  resonator  which  filters 
and  reflects  a  narrow  band  signal.  This  signal  is  fed  back  onto  the  device, 
amplified  and  rcrcflcctcd  through  the  resonator  to  provide  frequency 
stabilization.  Fabry-Perot  mirror  spacing  and  diffraction  grating  angle 
can  be  varied  for  frequency  tuning. 

The  quasi-optical  resonator  shown  schematically  in  Figure  1(a)  per¬ 
forms  the  filtering  and  reflection:  Figure  lb)  shows  the  spectra  at.  spec¬ 
ified  locations,  and  Table  I  contains  the  design  parameters  for  each  el¬ 
ement.  The  system  uses  optical  coupling  and  was  designed  assuming 
Gaussian  beam  propagation.  Each  element  refocuses  the  beam  to  the 
beainwaist  of  the  subsequent  element. 


a) 


FORWARD 


REFLECTED  It 
AND 

TERMINATED 
IN  LOAD 


liiuurLui 


13  5  7 


im’lllLlLll 


lb 


BACKWARD 


*>) 


FIGURE  1.  The  quasi-optical  resonator. 


floss  calculated  from  spillover  vu\  resistivities. 


A  folded  Fabry-Perot  interferometer  (2)  is  illustrated  schematically 
for  two  of  the  structures  shown  in  Figure  1.  The  cavity  resonance  is 
timed  by  moving  the  plane  solid  mirror.  The  transmission  curve  is  a 
comb  pattern  of  peaks  and  can  be  characterized  by  their  full  widths 
at  half  maximum  ( FWHM )  and  their  spacing,  or  free  spectral  range 
( FSR ),  yielding  a  Q  and  finesse  for  the  cavity 

The  high  Q  folded  Fabry-Perot  was  designed  to  have  a  Q  of  8000 
and  a  FSR  of  401  MHz,  and  a  finesse  of  50.8.  The  low  Q  folded  Fabry- 
Perot  was  designed  to  filter  half  of  the  longitudinal  modes  passed  by  the 
high  Q  Fabry-Perot  resonator,  with  an  FSR  of  1  GHz,  a  finesse  of  3.68, 
and  a  Q  of  231. 

The  diffraction  grating  reflects  the  radiation  back  upon  itself  and 
performs  the  final  filtering  in  the  cavity.  To  carry  out  the  first  function 
the  diffraction  grating  is  Littrow  mounted.  The  blaze  angle,  the  number 
of  gratings,  and  the  grating  spacing  arc  determined  given  the  beam  taper 
edge  and  Q. 


Measurements 

Three  types  of  measurements  were  performed  to  determine  the  Q 
and  the  finesse  of  the  folded  Fabry-Perot  interferometers  and  the  <3  of  the 
diffraction  grating;  the  transmissivity  of  each  mesh,  the  transmissivity  of 
each  Fabry-Perot  resonator,  and  the  reflectivity  of  the  diffraction  grating. 
The  finesses  and  Qs  determined  from  the  measurements  and  the  loss  in 
each  element  arc  summarized  in  Table  I. 

The  transmissivity  of  the  high  Q  Fabry-Perot  resonator  shown  in 
Figure  2  was  measured  as  a  function  of  relative  Fabry-Perot  mirror  spac¬ 
ing.  The  smaller  peaks  arc  due  to  higher  order  transverse  modes.  The 
loss  at  the  design  spacing  is  0.2  dB.  The  distance  between  the  major 
peaks  resulting  from  the  longitudinal  modes  was  converted  to  an  equiv¬ 
alent  FSR  of  401.4  MHz,  and  the  width  of  the  peak  to  an  equivalent 
FWIIM,  A/,  of  9.5  MHz.  The  Q  is  =  6631,  and  the  finesse  is 
£*  =  42.2. 

Figure  3  is  the  transmissivity  of  the  low  Q  Fabry-Perot  resonator 
versus  mirror  spacing.  The  asymmetry  in  the  peaks  arise  from  unre¬ 
solved  higher  order  modes.  This  measurement  yields  an  FSR  of  974 
MHz  and  a  FWIIM  of  288  MHz,  corresponding  to  a  finesse  of  3.38  and 
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a  Q  of  219.  The  loss  at  the  design  spacing  is  0.32  dB.  The  higher  ordered 
transverse  modes  are  also  evident  in  this  resonator. 

The  Q  of  the  diffraction  grating  was  determined  from  the  reflectivity 
as  a  function  of  incident  angle  shown  in  Figure  4.  The  loss  at  the  peak 
was  0.56  dB.  Half  power  angles  were  converted  to  frequencies  using  the 
diffraction  grating  equation,  yielding  a  F\VJ[ M  of  1.6  Gilt,  for  a  Q  of 
40. 


Effects  of  Losses 


A  number  of  factors  were  not  accounted  for  in  the  design  of  the 
resonator.  These  factors  contributed  to  deviation  of  the  measurements 
from  the  design.  For  example,  in  the  Fabry-Perot  resonators,  truncation 
of  the  beam  will  cause  spillover  loss,  and  can  introduce  loss  to  unwanted 
transverse  modes.  The  meshes,  the  mirrors,  and  the  diffraction  grating 
incur  ohmic  losses.  The  total  loss  measured  in  the  two  Fabry-Perot 
resonators  were  4.5%  in  the  high  Q,  and  7.1%  in  the  low  Q  cavity.  The 
total  loss  in  a  Fabry-Perot  resonator  can  be  converted  to  a  loss  per  pass, 
given  in  Table  I.  The  measured  loss  per  pass  a=0.149!  in  the  high  Q 
cavity  and  2%  in  the  low  Q  cavity. 

Losses  in  the  Fabry-Perots  result  from  a  number  of  entities.  Two 
loss  mechanisms,  ohmic  losses  from  the  finite  conductivity  of  the  mirrors 
and  meshes  and  spillover  losses  from  the  design  taper  edge,  can  be  cal¬ 
culated.  Mirror  and  mesh  ohmic  losses  per  pass  for  the  high  Q  and  low 
Q  Fabry-Perot  resonators  were  0.098  and  0.106%  respectively.  A  23  dB 
edge  taper  for  the  low  Q  Fabry-Perot  resonator  results  in  0.5%  loss,  a  45 
dB  edge  taper  results  in  0.02%  loss  in  the  high  Q  Fabry-Perot  resonator. 

The  theoretical  Q  will  difTcr  from  the  design  Q  if  loss  is  accounted 
for.  A  more  accurate  comparison  would  be  with  the  loaded  Q,  where 
o;  =  The  external  Q,  Qctl  =  the  geometrical  phase 

shift  divided  by  the  loss  per  pass.  The  loaded  Q,  based  on  measured 
losses,  for  the  high  and  low  Q  Fabry-Perot  resonators  is  7827  and  223 
respectively. 

Transmission  plots  were  generated  by  changing  the  mirror  spacing,  . 
deviating  from  a  square  cavity  which  will  cause  transverse  modes.  The 
desired  frequency  is  at  the  (<?,0,0)  mode.  Frequencies  at  for  the  (<j,0, 1) 
and  (</,  1,0)  modes,  the  next  lowest  order  arc  given  by 


,  _  e  ,  ,  m  +  n+  1, .  . 

/jmn  ~  2L  W  *  - ” - ]  tan 


where  L  is  the  cavity  length  and  R  is  the  mirror  radius  of  curvature  [3]. 
The  mode  separation  is  0.148  GHz  for  the  high  Q  cavity,  or  a  shift  in 
mirror  spacing  of  1.3  mm.  It  can  be  seen  in  Figure  2  that  the  secondary 
transmission  peaks  occur  at  1.3  mm  from  the  associated  fundamental 
peak.  The  mode  separation  for  the  low  Q  Fabry-Perot  resonator  was 
calculated  to  be  a  0.79  mm  shift  in  mirror  spacing.  This  is  evident  in 
the  asymmetric  broadening  of  the  lower  longitudinal  modes  in  Figure  3. 

Secondly,  the  design  of  the  diffraction  grating  assumed  uniform  il¬ 
lumination.  The  effective  grating  width  will  be  somewhat  smaller  when 
illuminated  with  a  Gaussian  beam.  The  Q  of  the  diffraction  grating  is 
proportional  to  the  grating  width.  The  effective  grating  width  is  cal¬ 
culated  by  integrating  the  Gaussian  curve.  e'(rf,v dr  =  IP  \Jxj2. 
Therefore  the  Q  is  reduced  to  56. 

The  total  loss  measured  in  the  diffraction  grating  was  12%.  Spillover 
and  resistive  losses  in  the  diffraction  grating  were  calculated  to  be  0.5% 
each.  Additional  loss  can  be  attributed  to  phase  errors  since  the  beam 
incident  angle  differs  from  the  blaze  angle.  These  lasses  give  an  effective 
Ql  of  53  for  the  diffraction  grating. 


Conclusions 

We  have  demonstrated  the  operation  of  a  quasioptical  reflcclion 
cavity  resonator  that  can  be  scaled  for  use  as  a  frequency  tuner  and 
stablizcr  in  a  submillimetcr  wavelength  oscillator.  Extremely  high  Qs 
can  be  obtained  and  losses  arc  minimal  in  the  quasioptical  components. 
Each  element  of  the  resonator  was  characterized  and  its  performance 
found  to  be  consistent  with  the  design,  accounting  for  loss,  within  mea¬ 
surement  tolerances.  The  performance  of  the  Fabry-Perots  was  limited 
by  spillover  losses,  power  in  transverse  modes,  and  ohmic  losses.  The 
diffraction  grating  design  needs  to  account  for  the  difference  between 
uniform  and  Gaussian  beam  illumination.  The  loss  in  the  high  Q  Fabry- 
Perot  is  0.2  dB,  in  the  low  Q  is  0.32  dB,  and  in  the  diffraction  grating  is 


0.56  dB  yielding  an  overall  roundtrip  loss  of  1.68  dB  for  the  entire  res¬ 
onator.  The  Q  at  63  GHz  is  6700  and  with  a  modified  design  accounting 
for  the  effects  of  loss  and  illumination  could  be  as  high  as  10,000  with 
similar  loss. 
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FIGURE  3.  Measured  transmission  of  the  low  Q  Fabry-Perot  resonator. 


FIGURE  4.  Measured  reflection  of  the  diffraction  grating. 
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BETWEEN  ELECTROMAGNETIC  WAVE  AND  AIRBORNE  ULTRASOUND 
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Tachikawa, 

ABSTRACT 

Urination  behavior  indicates  a  series  of  important 
information  for  urologist  Doctors  to  find,  for  example, 
prostatic  hypertrophy.  External,  non-contact  urodynamic 
monitors  using  CW-Doppler  principle  were  built  in  similar 
wavelengths  with  24GHz  electromagnetic  wave  (>.=12. 5mm)  and 
40KHz  airborne  ultrasound  (X=8.5mm).  Both  systems  were 
found  having  almost  equivalent  excellence  in  detecting  the 
Doppler  return  from  urinary  flow  simulated  by  water  ejector. 
However,  airborne  ultrasound  system  seems  slightly  less 
expensive  although  its  electronics  are  more  complicated. 


Japan 

acoustical  output  seems  about  half  of  that.  The  transducers 
themselves  have  relatively  broad  directivity  like  +-45 
(fig. 3),  Doppler  cross  section  spans  for  similar  wide  angle 
when  they  are  juxtaposed  in  parallel  in  a  foam  plastic 
buffle(fig.4).  With  such  arrangement  the  system  has  quite 
sufficient  sensitivity  for  simulated  urine  flow  across  the 
air  given  by  water  ejector(fig.5).  Even  a  single  drop  with 
quiescent  starting  was  detected  clearly  together  with  water 
surface  ripple  caused  by  the  drop(fig.6).  Additional  pair  of 
external  horn  projector  will  increase  sensitivity  much  more, 
but  seems  unnecessary  for  subject  purpose.  It  is  an  obvious 
advantage  for  patient  and  paramedical  safety  to  use  hazard- 
free  low  level  airborn  ultrasound  energy  as  a  probing  means. 


INTRODUCTION 

Urodynamic  studies  in  past  time  generally  have  been 
semi-invasive  when  using  catheter  type  cystometer,  or  with 
slightly  poor  reproducibility  when  using  funnel-and-cup 
type  flowmeter  (1)(2).  These  primitive  means  are  still  used 
widely,  however,  Doctors  are  first  to  ask  question  to  the 
patient  for  his  subjective  impression  how  he  can  void  easily 
or  with  any  difficulty. 

Uroflowmetry  should  be  carried  out  in  conditions  as 
natural  as  possible  because  any  slight  strange  feeling  tends 
to  create  additional  bias  for  his  voiding  behavior,  which 
may  result  in  misdiagnosis.  From  this  point  of  view  author 
developed  a  completely  non-contact  method  using  either  mm- 
wave  or  airborne  ultrasound.  The  principle  is  well  known 
simple  CW-Doppler  method,  which  detects  the  running  liquid 
drops  across  the  air.  The  air  to  water  reflectivity  in  both 
mo-wave  and  ultrasound  is  great,  the  system  has  an  excellent 
sensitivity  for  subject  matter.  However,  carefull 
considerations  are  placed  upon  patient  safety  as  well  as 
practical  sensitivity  and  quality  of  the  information  yielded 
by  the  system. 


24GHZ  MICROWAVE  CW  DOPPLER  SYSTEM 

A  K-band  Doppler  unit  (ND610AAM/NEC,fig.7)  containing  of 
gunn  diode  oscillator  and  shottkey-bamer  diode  detector 
was  used  to  construct  a  CW-Doppler  system  for  same  purpose. 
In  this  case  the  waveguide  mount  Doppler  unit  itself  has  so 
wide  directivity,  like  almost  +-135“  a  small  horn  was  added 
to  form  adequate  sensitivity  angle(fig.8).  Without  such  horn 
its  sensitivity  is  slightly  poor  than  ultrasound  system, 
however  with  horn,  sensitivity  gets  6-12  dB  higher  than  it. 
A  subaudio  Doppler  filter-amplifier  is  sole  external  circuit 
to  the  Doppler  unit(fig.9).  Specified  irradiating  output  is 
3-10mW,  although  the  gunn  diode  eats  a  5VxlOOmA  dc  power. 
Its  detectability  and  charcteristics  are  almost  100? 
compatible  to  the  ultrasound  system.  Flow  (fig. 10)  and  drop 
and  ripple  (fig. 11)  are  also  well  detected.  However,  from 
patient  safety  standpoint  and  possible  interferences  to 
other  systems,  and  related  regulations,  some  may  concern 
about  its  feasibility  for  clinical  screening  practice. 


SIGNAL  ANALYSIS  FOR  QUANTITATIVE  FLOWMETRY 


40KHZ  AIRBORNE  ULTRASOUND  CW  DOPPLER  SYSTEM 

A  pair  of  40KHz  airborne  ultrasound  transducer,  one  for 
transmision  and  the  ther  for  reception,  was  used  to 
construct  a  CW-Doppler  system  (fig.l).  The  transducer  used 
here  (MA40B6/Murata,fig.2)  was  selected  from  generally 
available  types  for  intruder  detection  or  simple  ranging 
device  or  telemetry-telecontroll  purposes.  A  5vpp  square 
wave  from  CMOS  power  gate  is  fed  for  the  transmitting 
transducer,  while  the  receiver  consists  of  a  tuned  RF 
amplifier  with  AGC/ALC  followed  by  a  coherent  demodulator 
and  subaudio  Doppler  filter-amplifier.  Electrical  input 
power  to  the  transmit  transducer  is  about  30-40mW, 


Under  an  adequate  setup  the  system  is  well  expected  to 
be  able  to  measure,  not  only  flow  velocity  but  also  flow 
volume  rate  with  certain  accuracy.  This  is  because  the 
media,  i.e.  latm.  air,  is  very  well  transparent  to  both  of 
these  waves  and  frequencies.  This  is  big  advantage  compared 
with  inside-body  Doppler  study/diagnosis  for  vascular  system 
seen  in  diagnostic  ultrasound  devices  suffering  from 
inherent  tissue  attenuation  and  dispersion  which  deteriorate 
measurement  quality  very  much.  A  trial  FFT  spectrum  analysis 
of  the  signal,  after  1:10  time  compression  so  to  hire 
conventional  diagnostic  Doppler  device  spectrum  analysis 
and  display  subsystm,  indicates  this  signal  looks  very 


osc. 


Fig  1  Block  diagram  of  40KHz  airborne 
ultrasound  CW  Doppler  system  and  general 
test  setup  for  the  same. 


Fig. 3 


Fig. 4  Transducer  assembly  and 
circuit  to  accommodate  fig.l 
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similar  to  the  venus  flow  signal(fig.l2).  It  was  suggested 
that  under  an  adequate  setup  the  Doppler  signal  power  can 
be  interpreted  as  instantaneous  running  fluid  volume  within 
sampling  site  x.e.  Doppler  cross-section.  This  will  yield, 
when  combined  with  instantaneous  velocity  data  from  FFT 
analysis,  the  flow-rate  vs.  time  curve  which  is  necessary 
for  urologist  Doctors'  diagnosis. 


SAFETY  AND  OTHER  CONSIDERATIONS 

Since  both  system  having  almost  compatible  and  fairly 
excellent  performance  in  terms  of  subject  purpose,  next 
considerations  are  for  safety,  cost/performance  and  other 
points.  Although  either  system  merely  irradiates  far  less 
power  density  of  wave  energy  to  the  object  field  than  known 
hazardeous  levels(3)(4),  some  people  may  concern  about 
electro-magnetic  wave  much  more  than  ultrasound. 
Interference  and  compatibility  from  or  to  other  systems  or 
enviroments  seems,  in  general,  slightly  better  for 
ultrasound  than  electro-magnetic  wave,  however,  this  will 
not  be  practical  problem.  Material  cost  and  operating  power 
consideration  tends  to  conclude  a  definite  advantage  of 
ultrasound  system  because  at  least  presently  gunn  oscillator 
mixer  module  is  much  expensive  and  power  consuming  than  a 
pair  of  ultrasound  transducer  plus  additional  transmit- 
receive  electronics. 


CONCLUSION 

For  external  non-contact  urodynamics  study,  CW  Doppler 
systems  in  similar  wavelemgths  (8-12mm)  of  electromagnetic 
wave  and  airborne  ultrasound  were  tried.  Although  both 
systems  having  compatible  good  performance  to  monitor  and 
possibly  measure  the  urinaly  flow  as  desired,  safety  and 
cost  considerations  promote  ultrasound  system  slightly  more 
than  electromagnetic  wave  system.  Further  evaluation  might 
be  necessary  for  more  dedicated  prototyipmg  and  clinical 
evaluation  in  screening  practices.  Proposed  direction 
includes  to  use  much  shorter  wavelength  like  3mn  (100GHz  mm- 
wave  or  lOOKHz  ultrasound)  where  urinaly  flow  Doppler 
signal  comes  up  to  audible  range  and  signal  analysis  makes 
much  easier. 
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ABSTRACT 

The  exact  operation  mode  of  PHF  H-plane  waveguide  circulator 
is  given  to  be  HEni  ,  where  L=n+$*4.j  n=0,1,2,....  and  8^,  can  be 
determined  numerically.  A  broadband  3-mm  circulator  operating  in 
the  lowest  mode  HEj^  is  reported  for  the  first  time. 

The  center  freguency  of  waveguide  circulator  agrees  well  with 
the  resonance  frequency  of  the  dielectric  ferrite  resonator  if 
no  magnetic  bias  is  applied(l).  At  r=R,  and  r=R^  in  Fig.1  the 


characteristic  equations  of  HE  mode  is 
luJ^uT  w,  I*(w,  )+DKmU;,  )•>*■  u  Jm(u) 


(1) 


u=R,(ki-fl*)?  i 

w,  =Ri  (p*  )| 


ill 

(5) 


Resonance  condition  of  z=lr  makes  Z^n  and  Za  be  complex 


conjugates 
where 


tg  sx=V  tgh  x 
x=pl-=<tf(H-l_),  s=(S/p 
=k*ik*  -g*f 


k-T— i  "*  p 

V=(-wp0(&  )/(wf»,/^  +p/we,  ef 


) 


(6) 

(7) 

(8) 

(9) 


(2) 


From  Fig. 2  we  can  get  the  height  of  the  ferrite  cylinder 

lf=x/p=  ■*L/p=(n+&,.,+1)'*/p  n=0,1 ,2, . . . .  (10) 

where  S  .<  i  for  n  can  be  found  out  from  (l)  (2)  (6)  numerically. 
T^us  the+1exact  operation  modes  of  partial  height  ferrite  (PHF) 


H-plane  waveguide  circulator  are  determined  to  be  HE. 
modes  and  the  center  frequency 

f=(u?1  +(L  R1*)2)4/2‘«iR^ji7R1 


in 


hybrid 


(11) 


Fig.  2 

Employing  the  lowest  possible  mode  and  shortest  associated 
path  length  implies  broadband.  A  8-mm  broadband  circulator  in 
the  lowest  mode  HE^g  defined  here  had  been  reported  (2), 
and  for  the  first  time1 we  have  developed  a  broadband  3-mm  H- 
plane  waveguide  circulator  operating  in  the  same  mode  HE.^g  , 
shown  in  Fig. 3  is  the  device’s  structure.  The  performande* 
of  the  circulator  can  meet  the  needs  of  a  majority  of  MMW 
systems. 


Fig.  3 
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Negative  differential  conductance  (NDC)  devices 
have  stimulated  intensive  research  activities  since 
the  first  acknowledged  work  on  the  tunnel  diode,  also 
referred  to  as  the  Esaki  diode^.  In  recent  years, 
the  interest  in  NDC  devices  has  been  revived  by  the 
successful  fabrication  of  various  double  barrier 
resonant  tunneling  (DBRT)  structures'*^.  The 
interest  in  these  DBRT  structures  is  due  primarily  to 
their  high  potential  as  high  frequency  devices .  For 
the  design  of  high  frequency  devices,  the  necessary 
information  is  provided  by  the  detailed  shape  of  the 
dc  I-V  characteristics,  especially  the  negative 
conductance  regime.  Unfortunately,  the  NDC  regime  of 
the  I-V  curve  has  always  made  the  dc  I-V  measurement 
difficult  because  of  its  nature  to  oscillate.  A 
direct  dc  measurement  of  the  I-V  characteristics  by  a 
conventional  curve  tracer  only  shows  the  positive 
conductance  portion  of  the  entire  I-V  curve.  Various 
methods  have  been  proposed  to  measure  the  I-V 
characteristics. 

Chua  et.  el.  have  devised  a  curve  tracer  from  a 
stability  analysis4.  Shewchuk  et.  el.  have  used 
damped  microwave  circuit  to  prevent  oscillations-*. 
In  this  paper,  we  discuss  a  novel  approach  to 
calculate  the  NDC  regime  of  the  I-V  characteristics 
using  microwave  reflection  coefficients  and  the 
measurable  portion  of  the  I-V  curve. 

This  method  uses  microwave  network  analyzer 
techniques  to  measure  the  reflection  coefficients, 
Sjj,  of  the  device.  The  ac  conductance  is  de- 
embedded  from  the  measured  as  a  function  of  the 
rf  signal  and  dc  bias;  the  ac  conductance  thus 
obtained  can  serve  to  determine  the  "local"  slope  of 
I-V  curve.  By  dc  biasing  the  device  near  the  valley 
voltage  and  varying  the  rf  signal  until  it  swings 
beyond  the  peak  voltage,  the  entire  NDC  regime  can 
then  be  reconstructed.  This  method  has  bfeen  tested 
on  a  packaged  tunnel  diode  with  Vp  -  0.06  volt,  Ip  - 
0.45  raA,  Vv  -  0.28  volt,  and  Iv  -  0.086  mA.  The 
diode  is  mounted  on  a  50-ohra  microstrip  test  fixture. 
With  the  diode  biased  at  0.2357  volt,  and  the  largest 
rf  signal  equal  to  0.220  volt,  the  I-V 
characteristics  less  than  0.2357  volt  is  calculated 
and  shown  in  Fig.  1. 

Since  this  method  only  requires  the  device  being 
biased  at  a  point  where  it  is  still  dc  measurable  and 
large  enough  rf  signal  to  cover  the  whole  NDC  regime, 
there  is  no  need  to  worry  about  the  device 
oscillation.  Because  no  conventional  tracing  circuit 
is  required  in  this  rf  method,  the  difficulty 
occurred  in  most  curve  tracer  for  large  NDC  can  be 
avoided  here.  Furthermore,  since  the  de- embedding  of 


vce  characteristics  is  well  developed  at  microwave 
equencies,  the  accuracy  of  this  approach  can  be 
very  satisfactory.  Fine  structures  have  been  found 
in  the  NDC  regime  of  some  DBRTs6.  When  these  fine 
structures  are  reflected  in  the  Sj^  measurement,  the 
detailed  shape  of  the  I-V  curve  can  be  calculated. 

The  accuracy  of  this  method  depends  on  the 
device  model  and  the  de- embedding  used  in  the 
microwave  S-parameter  measurement.  For  the  tunnel 
diode  tested,  the  simple  model  of  a  nonlinear 
resistor  defined  by  the  dc  I-V  curve  in  parallel  with 
a  nonlinear  capacitor  has  been  used^.  For  DBRT 
devices,  the  transit  time  effect  of  adjacent 
depletion  region  needs  to  be  considered  in  the  device 
modeling8.  The  accuracy  of  this  method  can  be 
further  improved  if  higher  harmonics  is  included  in 
the  Fourier  analysis  when  calculating  the  I-V 
characteristics. 

In  conclusion,  we  have  devised  a  method  that 
measures  the  I-V  characteristics  of  a  negative 
resistance  device  from  an  microwave  approach.  This 
method  has  proved  useful  and  provides  valuable 
information  in  the  NDC  regime  that  is  otherwise 
unobtainable  with  conventional  methods. 


390 


FI.  10 


Acknowledgements 

This  work  was  supported  by  TRW  under  the 
California  MICRO  Program. 


Reference 

1.  L.  Esaki,  Phys.  Rev.  109,  603  (1958) 

2.  L.  L.  Chang,  L.  Esaki,  and  R.  Tsu,  Appl.  Phys. 
Lett.  24,  593  (1974) 

3.  T.C.L.G.  Sollner ,  W.  D.  Goodhue,  P.  E. 

Tannenwald,  C.  D.  Parker,  and  D.  D.  Peck, 

Appl.  Phys.  Lett.  43,  588  (1983) 

4.  L.  0.  Chua,  G.  Zhong,  IEEE  Circuits  and  Systems 
CAS -32.  569  (1985) 

5.  T.  J.  Shewchuk,  J.  M.  Gering,  P.  C.  Chapin,  and 
P.  D.  Coleman,  Appl. 

Phys.  Lett.  47,  986  (193S) 

6.  G.  S.  Lee,  K.  Y.  Hsieh,  and  R.  M.  Kolbas,  Appl. 
Phys.  Lett.  49,  1528 

(1986) 

7.  S.  M.  Sze,  Physics  of  Semiconductor  Devices. 
2nd  ed.,  Wiley  &  Sons, 

N.Y.  1981 

8.  I.  Song  and  D.  S.  Pan,  IEEE  Electron  Device 
Lett.,  EDL-8.  560  (1987) 


391 


F2.1 


SUBMILLIMETER  WAVE  EMISSION  FROM  SEMICONDUCTOR  SUPERLATTICES 
M.  Helm,  E.  Colas,  P.  England,  F.  DeRosa,  and  S.J.  Allen,  Jr. 

Bellcore 

Red  Bank,  N.J.  07701,  U.S.A. 


ABSTRACT 

Far  infrared  emission  due  Co  electronic 
transitions  between  subbands  in  semiconductor 
superlattices  is  observed  for  the  first  time.  The 
electrons  are  excited  by  applying  an  electric 
field  in  the  plane  of  the  layers.  The  generated 
radiation  is  coupled  out  of  the  sample  by  a 
metallic  grating  on  the  surface. 

INTRODUCTION 

The  lack  of  coherent  solid  state  far  infrared 
sources  has  been  overcome  recently  by  the 
realization  of  the  crossed  field  p-germanium  laser 
(1) .  Its  wide  application,  however,  could  remain 
limited  because  the  operation  requires  the  use  of 
a  magnetic  field  and  is  restricted  to  pulsed  mode. 
For  that  reason,  the  search  for  other  possible  FIR 
sources  is  still  going  on.  One  of  the  most 
promising  systems  is  the  semiconductor 
superlattice  made  feasible  by  modern  layered 
semiconductor  growth.  It  is  well  known  that 
transitions  between  subbands  in  such  structures, 
originating  from  the  confinement  of  the  carriers, 
exhibit  a  large  electric  dipole  moment  (2),  and 
can  be  engineered  to  give  transition  frequencies 
in  the  far  infrared,  thus  making  them  attractive 
as  the  active  medium  in  an  infrared  source. 
Although  the  polarization  of  the  light  has  to  be 
perpendicular  to  the  layers  in  order  to  interact 
with  the  confined  electrons  (3),  this  system  has 
already  been  demonstrated  to  be  very  powerful  as 
infrared  detector  (4) . 

We  report  the  first  observation  of 
submillimeter  wave  emission  due  to  subband 
transitions  in  a  semiconductor  superlattice  (5). 
The  emission  is  observed  only  with  a  metal  grating 
on  the  surface  of  the  superlattice,  which  converts 
the  radiation  polarized  perpendicular  to  the 
interface  into  a  plane  wave  radiating  from  the 
surface. 

EXPERIMENT 

The  GaAs/Alg  3Gag  7As  -  superlattice  was 
grown  by  organometallic  chemical  vapor  deposition 
(OMCVD)  on  a  semi -insulating  substrate  and 
consists  of  400  A  wide  wells  and  50  A  wide 
barriers,  with  a  total  thickness  of  6  pm.  The 
superlattice  was  nominally  undoped,  which  gave  the 
desired  n-background  of  lxl01"’cm’  .  The 
relatively  wide  wells  were  chosen  in  order  to  keep 
several  subbands  below  the  optical  phonon  energy 
(36  meV) .  This  is  important  because  it  enhances 
the  ratio  of  radiative  to  nonradiative  relaxation 
rate,  which  is  proportional  to  the  quantum 
efficiency.  The  energy  levels  for  the  present 
superlattice  are  calculated  to  be  E^  -  3  meV, 
E2  -  11.9  meV,  and  Ej  -  26.7  meV,  thus  the 
lowest  subband  transition  is  expected  to  occur  at 
8.9  meV,  or  at  a  wavelength  of  139  pm. 


In  order  to  increase  the  effective  radiating 
area,  we  deposited  metal  gratings  onto  the  surface 
of  the  superlattice.  Diffraction  gratings,  having 
roughly  the  same  period  as  the  wavelength  of  the 
subband  radiation  in  the  GaAs,  have  been  suggested 
by  Goossen  and  Lyon  (6)  to  enhance  the  efficiency 
of  a  quantum  well  detector.  Heitmann  et  al.(7) 
observed  intersubband  absorption  in  Si-MOSFETs 
induced  by  a  grating  with  much  smaller  period  than 
the  corresponding  wavelength.  In  the  present 
superlattice  the  wavelength  of  the  subband 
radiation  in  the  GaAs  is  calculated  to  be  40 
pm.  Accordingly,  we  deposited  Ti:Au  gratings 
with  periods  of  40  pm,  30  pm,  22  pm 
and  16  pm  which  were  defined 
photolithographically.  Ohmic  contacts  to  the 
sample  were  achieved  by  alloying  Ni:AuGe.  The  area 
between  the  contacts  was  typically  4x4  mm  .  A 
schematic  of  the  sample  is  shown  in  FIg.l. 

In  the  experiment  the  electron  distribution 
function  is  heated  by  an  electric  field  in  the 
plane  of  the  layers.  The  subsequent  radiation  is 
detected  with  a  high-sensitivity  Si-boiometer 
(sensitivity  -  3.6xltrV/W,  noise  equivalent 
power  -  7xl0_1  W/Hz^'*)  operated  at  1.5  K. 
Facing  the  problem  of  spectrally  resolving  weak 
radiation,  we  used  a  novel  technique  to  analyze 
the  emission  spectrum.  A  slab  of  InSb  (n  “ 
10i4cm  ,  thickness  0.5  mm)  was  placed  between 
the  superlattice  and  the  bolometer  in  the  center 
of  a  superconducting  magnet.  By  application  of  a 
magnetic  field  the  cyclotron  resonance  absorption 
in  the  InSb  (width  “  20  cm"*'  or  0.3  Tesla) 
was  varied  and  provided  a  tunable  far  infrared 
filter.  The  rejection  of  the  filter  was  50%  for 
unpolarized  light.  The  superlattice  temperature 
was  between  5  and  10K,  voltage  pulses  of  about  1ms 
duration  were  applied  to  the  sample. 

RESULTS 

Curve  (a)  in  Fig. 2  shows  the  emission  signal 
from  a  sample  without  grating  as  a  function  of  the 
magnetic  field  for  an  electric  field  of  E  -  20 
V/cm.  This  curve  represents  the  emission  spectrum 
of  the  superlattice  convoluted  with  the  InSb 
cyclotron  resonance  line.  The  minimum  is  detected 
when  the  InSb  cyclotron  resonance  frequency  equals 
the  peak  frequency  of  the  emitted  radiation.  The 
emission  spectrum  consists  of  one  line  at  about  5 
meV.  We  ascribe  this  line  to  the  2p  -  Is  shallow 
donor  transition  (8) .  No  intersubband  emission  is 
observed,  because  the  polarization  of  the  subband 
radiation  requires  that  it  leaves  the  sample 
mainly  at  the  edges,  which  is  only  a  very  small 
radiating  area.  (Note,  however,  that  subband 
emission  has  been  observed  from  Si-MOSFETs  in  a 
similar  situation  (9).)  Curve  (b)  in  Fig. 2  shows 
the  emission  from  the  superlattice  with  a  30 
pm  -  period  Ti:Au  grating.  Besides  the  2p  -  Is 
emission  a  second  line  is  clearly  observed  at  a 
magnetic  field  of  B  -  1.1  T.  Since  this 
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corresponds  to  a  photon  energy  of  about  9  meV,  we 
ascribe  this  line  to  radiative  decay  of  electrons 
in  the  second  subband  into  the  first  subband. 
Fig. 3  illustrates  the  donor  and  the  subband 
transition  causing  the  observed  emission. 
Different  grating  periods  do  not  change  the 
position  of  the  line,  but  only  the  strength  due  to 
different  coupling  efficiencies.  Most  efficient 
coupling  is  not  achieved  when  the  grating  period 
matches  the  wavelength  in  the  GaAs  (which  would 
correspond  to  simple  diffraction  of  a  plane  wave 
by  90  degrees),  but  rather,  at  shorter  periods.  In 
the  present  case  the  30  pm  grating  provides 
the  best  coupling,  followed  by  the  22  pm,  and 
finally  the  40  pm  and  16  pm  gratings , 
where  the  subband  emission  is  hardly  seen.  This 
can  be  understood,  if  an  evanescent  surface  wave 
rather  than  a  plane  wave  is  propagating  in  the 
superlattice  (4) .  The  optimal  coupling  would  then 
be  achieved  when  the  decay  length  of  the  surface 
wave  matched  the  superlattice  thickness. 

CONCLUSIONS 

We  have  demonstrated  that  intersubband 
transitions  in  semiconductor  superlattices  are 
potentially  useful  for  the  development  of  novel 
submillimeter  sources.  Future  work  will  have  to 
concentrate  on  more  efficient  ways  of  exciting 
higher  subbands  than  simple  carrier  heating  in  an 
electric  field.  Advanced  semiconductor  growth 
allows  us  to  engineer  structures,  where  electrons 
are  injected  directly  in  highly  excited  levels. 
The  possible  range  of  emission  wavelengths  is  then 
only  limited  by  material  properties:  It  extends 
from  5  pm  (limited  by  the  conduction  band 
offset)  to  300  pm  (limited  by  the  achievable 
linewidth) .  More  sophisticated  injection  schemes 
could  also  lead  to  population  inversion  and 
thereby  to  a  new  class  of  infrared  semiconductor 
lasers. 
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Figure  1 

Structure  of  the  sample 
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Figure  2 

Detector  signal  versus  magnetic  field  of  InSb  - 
filter  and  corresponding  photon  energy.  The  2p-ls 
donor  transition  and  E2*E^  subband  transition 
are  indicated. 


Figure  3 

2p  -  Is  donor  transition 
and  E2  -  Ej^  subband 
transition  in  a  quantum 
well. 
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ABSTRACT 

A  far  infrared  monochromator  of  Czerny-Turner 
type  has  been  devised  which  has  an  output  optical 
system  comprising  two  small  spherical  mirrors  to 
obtain  non-astigmatic  image.  The  far  infrared 
monochromator  covers  both  50-120  urn  and  100-240  um 
wavelengths  ranges  and  can  be  used  to  measure 
spectral  response  of  stressed  Ge:Ga  photoconductors 
having  response  up  to  200  um,  which  we  have 
fabricated  to  apply  them  to  far  infrared  astronomical 
observations  by  balloons  and  by  sattelites. 
Experimental  performance  of  the  stressed  Ge:Ga 
photoconductors  under  low  photon  fluxes  conditions 
also  will  be  given. 


INTRODUCTION 

Stressed  Ge:Ga  photoconductors  are  very  sensitive 
detectors  in  the  far  infrared  wavelengths  shorter 


TOP  VIEW 


SIDE  VIEW 

Figure  1 

Configurations  of  the  Czerny-Turner  Monochromator 
with  an  astigmatism  compensation  optical  system. 

L  is  a  high-pressure  mercury  lamp,  G  is  a 
diffraction  grating,  and  Ml  and  M2  are  collimating 
and  condensing  mirrors,  respectively,  of  the 
spectrometer,  ml  and  m2  are  re-collimating  and 
re-condensing  mirrors  of  the  compensation 
optical  system,  s  is  a  slit. 


than  200  um[l],  and  they  have  now  become  very 
important  devices  for  precise  detection  of  weak  far 
infrared  radiation.  Because  of  the  high  detectivity 
under  low  background  conditions,  the  stressed  Ge:Ga 
photoconductors  have  been  studied  mainly  for 
applications  to  far  infrared  astronomy  in 
space[l,2,3,4]. 

We  have  fablicated  a  sensitive  stressed  Ge:Ga 
photoconductor  with  a  compact  and  stable  stressing 
assembly[5],  and  the  detector  have  successfully  used 
in  the  far  infrared  Fabry-Perot  spectroscopy  to 
observe  astronomical  CII  line  (158  um)  by  a  balloon- 
borne  telescope[6). 

In  stressed  Ge:Ga  performance  tests,  we  have 
constructed  a  far  infrared  monochromator  of  Czerny- 
Turner  type  with  an  astigmatism  compensation  optical 
system  to  measure  spectral  responsivity  of  the 
stressed  Ge:Ga  simply  and  quickly.  The  principle  of 
the  non-astigmatic  optical  system  and  a  design  of  the 
far-infrared  monochromator  are  explained  in  the  next 
section. 

And  moreover,  experimental  results  of  performance 
tests  of  the  stressed  Ge:Ga  at  2K  under  low 
background  photon  fluxes  is  briefly  given  in  the 
third  section.  The  low  background  experiments  are 
very  important  in  space  applications,  as  the 
Japanese  infrared  astronomical  satellite  project 
(IRTS). 

FAR  INFRARED  CZERNY-TURNER  MONOCHROMATOR 
WITH  NON-ASTIGMATISM 

A  grating  spectrometer  with  Czerny-Turner  mounts 
is  widely  used  as  a  monochromator  because  of  its 
flexibility,  and  we  have  fabricated  a  far-infrared 
monochromator  of  this  type  to  use  in  stressed  Ge:Ga 
experiments. 

A  Czerny-Turner  spectrometer  with  collimating  and 
condensing  spherical  mirrors  has  the  aberations  of 
astigmatism,  coma  and  spherical  aberation[7]. 
Since  the  astigmatism  is  the  largest  in  usual 
configurations,  some  improvement  to  reduce  the 
aberation  is  necessary  especially  when  a  single 
detector  is  placed  at  focus. 

In  order  to  compensate  the  astigmatism  of  the 
Czerny-Turner  spectrometer,  we  have  introduced  an 
optical  system  comprising  two  concave  spherical 
mirrors  after  focus  of  the  spectrometer.  Two  mirrors 
of  the  compensation  optical  system  act  as  a  re- 
collimator  and  re-condenser,  and  they  are  placed  on  a 
plane  perpendicular  to  an  optical  plane  of  the 
Czerny-Turner  spactrometer  (Fig. 1 ).  The  spectrometer 
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WAVELENGTH  (ym) 

Figure  ? 

Spectral  responsivity  of 
a  stressed  Ge:Ga  photoconductor  at  2  K. 

optical  system  and  the  compensation  optical  system 
are  arranged  to  have  a  common  focus  between  two  where 
a  point  source  is  imaged  as  two  line  segments 
perpendicular  to  each  other  separated  by  an  interval 
due  to  the  astigmatism.  After  a  spectrometer 
condensing  mirror  images  a  point  as  two  separated 
line  segments,  a  compensation  optical  system  images 
two  line  segments  as  a  point.  The  reason  why  the 
total  system  can  be  almost  non-astigmatic  is  that  two 
parts  of  the  optical  systems  have  a  common 
astigmatism. 

The  far  infrared  monochromator  can  emit  radiation 
in  50-120  urn  and  100-240  urn  wavelengths  ranges  using 
two  diffraction  gratings  and  a  high-pressure  mercury 
lamp.  The  resolution  is  between  50  and  300  according 
to  the  slit  size  6  mm  to  1  n»n.  The  monochromator  can 
be  pumped  down  to  a  vaccuum  to  eliminate  atmospheric 
absorption  in  the  instrument.  Using  the 
monochromator,  spectral  responsivity  of  Ge:Ga 
photoconductors  has  been  measured  (Fig. 2). 

PEERFORMANCE  OF  STRESSED  Ge:Ga  PHOTOCONDUCTORS 
UNDER  LOW  BACKGROUND  CONDITIONS 

Stressed  Ge:Ga  photoconductors  fabricated  by  us 
have  high  detectivity:  responsivity  is  15  A/W  and  NEP 
is  better  than  2xl0~18  W/vHz  at  2  K  under  low 
background  photon  fluxes  of  1.1x10°  photons/sec.  Tbe 
good  NEP  is  due  to  both  low  dark  current  of  4.5x10-'4 
A  at  2  K  (Fig. 3)  and  high  responsivity[5]. 

Under  conditions  of  low  photon  fluxes,  cooled 
extrinsic  photoconductors  show  transient  response 
with  long  time  constant  and  nonlinear  response[8,9]: 
the  behavior  limits  performance  of  the  detectors. 

We  have  observed  very  slow  anomalous  transient 
response  with  time  constant  of  several  seconds  in 
the  stressed  Ge:Ga  photoconductor,  though  we  have  not 
found  large  responsivity  dependence  upon  photon 
influxes  between  7.2x10  ^  and  1.1x1 0®  photons/sec. 
The  experimental  results  will  be  discussed. 
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Figure  3 

Dark  current  versus  inverse  of  the  detector 


temperature.  Minimum  background  photon  flux  was 
1.1x10°  photons/sec  at  measurements.  A  solid 


line  is  a  theoretical  curve  with  Ea=5.06  meV 
fitted  to  the  data[5]. 


395 


HIGH  FREQUENCY  SEMICONDUCTOR  HETEROSTRUCTURE  DEVICE  ANALYSIS 
Clifford  M.  Krowne  and  Gregory  B.  Tait 


F2.3 


Electronics  Science  and  Technology  Division 
Naval  Research  Laboratory 
Washington,  DC  20375-5000 


ABSTRACT 

Two-terminal  heterostructure  diodes  present  many  potential 
opportunities  for  high  frequency  operation,  even  into  the  millimeter 
wave  frequency  regime.  Motivated  by  this  fact,  we  have  developed 
an  algorithm  which  is  globally  convergent  for  solving  the  nonlinear 
Poisson  equation.  By  appropriate  numerical  techniques,  the  non¬ 
linear  Poisson  equation  is  coupled  to  the  current  continuity  equations 
which  can  then  be  employed  for  high  frequency,  small  signal,  ac 
simulations.  Numerical  results  for  the  AlyGai_yAs  system  with 
layers  as  thin  as  a  few  hundred  angstroms  in  thickness  are  provided. 

INTRODUCTION 

Techniques  which  are  both  time  efficient  and  accurate  are  of 
great  interest  to  heterostructure  device  analysis  if  they  can  be  imple¬ 
mented  easily.  We  describe  here  such  a  procedure  for  obtaining  ac 
two-terminal  heterostructure  device  characteristics  including  internal 
device  behavior  as  well  as  terminal  current  and  voltage.  The  ac 
small-signal  problem  can  be  approached  by  first  solving  the  coupled 
dc  transport  system  of  equations,  namely  the  dc  nonlinear  Poisson 
equation  and  the  dc  current  continuity  equations.  These  dc  solutions 
provide  the  position  dependent  dc  variables  necessary  in  the  ac 
equations,  along  with  the  field  dependency  of  the  mobility.  In  order 
to  calculate  realistic  starting  values  for  the  coupled  dc  system  of 
equations  which  is  solved  iteratively,  it  is  very  useful  to  employ 
solutions  of  the  nonlinear  Poisson  equation  obtained  by  a  globally 
convergent  method. 

THEORY 

The  dc  nonlinear  heterostructure  Poisson  equation  (using  a  sin¬ 
gle  carrier  species  as  is  done  below  for  all  discussion  to  follow  for 
illustrative  purposes)  is  given  by 

d[e(x)dV  /dx]/dx  = 

[«(>  exp  W  +  y„  ~  M/kT)  -  Nf]  =  f(V).  (1) 

Here,  V,  V„,  4>n  >  and  e  are  the  electrostatic,  heterostructure 
material,  and  electron  quasi-Fermi  potentials,  and  the  dielectric 
constant  (1].  If  (1)  is  discretized  and  solved  by  a  Jacobi-Newton 
iterative  process,  the  solution  can  be  shown  to  exist,  be  unique,  con¬ 
verge  to  the  continuous  solution,  and  be  globally  convergent.  Thus, 
if  <t>„  is  selected  beforehand,  or  if  equilibrium  conditions  are 
assumed  (<f>„  =  0),  (1)  can  be  solved  for  the  starting  potential  distri¬ 
bution  V. 

Starting  dc  values  of  the  variables  are  next  applied  to  the  dc 
system  of  equations, 

dD/dx  =  -/(F)(2);  dV/dx  =  -D/e  (3);  dJn/dx  =  0  (4) 

d$n/dx  =  -{Jnlq^£)nlr\txV{-q{V  +  V„  -  4>„)/kT\.  (5) 


Here  £  is  the  effective  field  utilized  in  the  mobility  n„  expression, 

£  =  -{dV/dx  +  dVn/dx).  (6) 

Equations  (2)  and  (3)  constitute  the  Poisson  equation  (D  is  the  dis¬ 
placement  field),  (4)  the  continuity  equation,  and  (5)  the  particle 
current  Jn  expression.  After  obtaining  the  continuous  Jacobian 
matrix,  the  (2)-(5)  system  is  solved  employing  a  Newton  numerical 
method  subject  to  boundary  conditions  (BCs)  n(0)  =  nc( 0)  and 
n(l)  =  rtc(l)  for  the  ohmic  contacts  giving  conditions  on  V  and 
*„(0)  =  Vc  and  *,(!)  =  0. 

Solutions  to  the  dc  equations  yield  the  spatially  dependent 
coefficients  in  the  ac  current  equation,  necessary  for  solving  the  ac 
system, 

dD/dx  =  -qii  (7);  dV/dx  =  -D/e  (8);  dJn/dx  =  juqn  (9) 
[qn0n„o/J„o]d$„/dx  =  -•/„//„  o  +  n/n0 

+  D[diin0/d£]/(iin0e)  (10) 

where  n  =  qnQ(V  -  $„)/kT  eliminates  n  in  the  above  formulas, 
subscript  0  denotes  a  dc  value,  and  n„0  =  /i„_(<?0).  The  ac  system  is 
also  solved  using  the  BCs  K(0)  =  3>„(0)  =  Vc,  V(l)  =  $(/)  =  0. 

NUMERICAL  EXAMPLE 

Consider  an  isotype  heterostructure  diode  having  a  sawtooth 
shaped  compositional  grading  [2]  of  AlyGa^yAs  between  two  0.75 
/rm  thick  GaAs  layers.  Doping  is  uniform  with  Nd  =  1016/cc  and 
the  0.25  /im  thick  graded  layer  has  a  maximum  y  =  0.3  on  the 
right-hand-side.  The  heterojunction  discontinuity  rule  applied  at  the 
y  =  0.3  interface  is  that  0.62A Eg  =  A Ec,  For  a  reverse  bias 
situation  ( Vc  =  0.4  V)  and  T  =  300  K,  Figs.  1  and  2  give  the  dc, 
£  and  -dV/dx,  and  the  energy  band  diagram  versus  x.  Figure  3 
gives  the  dc  I/V  curve  for  a  10  mil  diameter  cross-section,  which 
shows  rectification  and  a  noticeable  reverse  leakage  current  due  to 
doping  and  room  temperature  effects.  AC  |/n  |  is  given  in  Fig.  4 
for  50  GHz.  Figures  5  and  6  show  the  ac  reverse  bias  terminal 
admittance  components  for  the  simulation  (points)  and  an  equivalent 
circuit  fit  (— )  consisting  of  a  series  and  (/?2 1  I C)  network  with 
R\  =  0.027  a,  R2  =  13.79  I),  and  C  =  21.5  pf. 
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ABSTRACT 

Far  infrared  absorption  spectra  of  amorphous  (As2S3) 
t-x(Sb2S3)x  system  (x=0.0~0.6)  were  measured  in  the 
wavenumber  region  7~25  cm" 1  with  Lamellar  grating  far 
infrared  Fourier  Transform  Spectrometer,  and  the  spatial 
fluctuation  of  charges  and  its  correlation  range  were 
estimated  with  charge  fluctuation  model.  The  charge 
fluctuation  of  (As2S3)i-x(Sb2S3)x  system  increases  with 
Sb2S3  concentration  x.  On  the  other  hand,  the  cor¬ 
relation  length  of  the  charge  fluctuation  decreases  from 
7  A  to  4.5  A  with  an  increase  in  x.  As  a  result,  it  can 
be  found  that  the  medium  range  order  of  As2S3  changes 
drastically  with  an  increase  in  Sb2S3  concentration  x. 


I  INTRODUCTION 

For  the  amorphous  materials,  charge  fluctuation  due 
to  disorder  induces  acoustic  phonon-photon  coupling.  As 
a  result,  the  optical  absorption  at  low  frequency  region 
far  beyond  the  Rcststrahlcn  band  is  much  larger  in 
magnitude  than  that  in  the  corresponding  crystalline 
solids,  and  its  frequency-dependence  reflects  the 
spatial  correlation  of  charge  fluctuation  [1,2,3].  The 
correlation  length  of  charge  fluctuation  obtained  from 
the  frequency-dependence  of  very  far  infrared  absorption 
is  quite  sensitive  to  medium  range  structure  in 
amorphous,  and  provides  the  additional  information  of 
medium  range  order  which  cannot  be  sufficiently  obtained 
from  X-ray  or  neutron  diffraction  measurement.  The 
knowledge  about  medium  range  order  is  very  important  for 
the  understanding  of  many  kinds  of  features  of  amorphous 
materials,  for  example  electronic  and  vibrational  states. 
For  amorphous  As2S3  and  As2So3,  the  presence  of  an 
intralayer  correlation  ranging  over  about  7  A  as  a 
medium  range  order  has  been  confirmed  from  correlation 
effect  of  the  charge  fluctuations  [4,5],  in  addition  to 
the  interlayer  correlation  which  extends  to  four  layers 
(15 —  20  A)  obtained  from  diffraction  measurement. 

Our  purposes  in  this  study  are  to  investigate  how 
the  medium  range  order  changes  with  an  increase  in  x  for 
(As2S3)1-x(SB2S3)x  system,  and  how  the  degree  of 
disorder  increases  with  the  substitution  of  Sb  for  As 
atoms.  In  this  report,  we  estimate  the  magnitudes  and 
the  correlation  lengths  of  the  spatial  fluctuations  of 
charges  for  (As2S3)i-x(Sb2S3)x  system  with  the  charge 
fluctuation  model,  and  investigate  the  changes  of  those 
with  an  increase  in  x.  From  the  correlation  effect  of 
the  charge  fluctuations,  the  medium  range  order  is 
discussed.  The  magnitudes  of  the  charge  fluctuations 
for  this  system  are  considered  from  the  effective  charge 
and  the  degree  of  disorder. 


EXPERIMENTAL  AND  ANALYSES 

The  samples  used  were  prepared  by  the  melt  quenching 


method  for  (As2S3) i-x(Sb2S3)x  (x=0. 0,0. 1,0.2, 0.3,0. 4, 
0.5, 0.6)  system.  The  far-infrared  absorption  spectra  in 
energy  range  7-25  cm" 1  were  measured  by  the  Lamellar 
grating  far-infrared  Fourier  transform  spectrometer 
constructed  in  our  laboratory  [6].  In  this  instrument, 
an  ark-stabilized  high  pressure  mercury  lamp  (~1  kw) 
was  used  as  a  light  source,  and  the  signal  was  detected 
by  the  liquid  helium-cooled  Ge  bolometer  of  composite 
type. 

For  glasses  ,  the  disorder-induced  far-infrared 
absorption  coefficient  a(co)  is  expressed  by  the  charge 
fluctuation  model  as  follows 

<*(«)  =  “g’pcn'vt3"  “2g(w/«o)Nq *  2  (1) 

where  Vt  is  the  transverse  acoustic  velocity,  p  ,n  and  c 
are  the  mass  density,  the  refractive  index  and  the 
velocity  of  light,  respectively  [3].  In  this  equation, 
N  is  the  density  of  the  point  charge  fluctuation  q  \ 
which  is  given  by  the  difference  from  the  average  charge, 
and  g(w/to0)  is  the  correlation  factor  proposed  by 
Schlomann  [1].  If  the  compensating  charge  distribution, 
which  surrounds  a  charge  fluctuation  q  *  ,  is  assumed  to 
fall  off  exponentially  as  q*  exp(-r/ t ),  g(w/w0)  is 
given  as 

g(w/«0)  =  1  -  (  1  +  (w/w0)2)'2  (2) 

where  « 0=Vt/ 1  .  The  "correlation  length"  i  is  a 
parameter  which  characterizes  the  strength  of  the 
correlation  of  the  charge  fluctuation.  When  the  phonon 
wavelength  is  larger  than  the  correlation  length  of  the 
spatial  fluctuation  of  charge,  such  a  correlation  inter¬ 
action  arises  as  known  from  equation  (2).  We  can 
estimate  the  spatial  fluctuation  q*  and  the  correlation 
length  i  for  the  spatial  fluctuation  due  to  disorder 
from  the  best  fit  of  the  equations  (1)  and  (2)  to  the 
experimentally  obtained  absorption  spectra. 


RESULTS  AND  DISCUSSION 

In  Fig.  1,  the  spectra  of  na/(fiw)z  for  (As2S3)i-x 
(Sb2S3)x  system  arc  shown  together  with  the  calculated 
best  fit  curves  of  equations  (1)  and  (2).  These 
na/(fiw)z  spectra  show  that  the  optical  coupling  co¬ 
efficient  in  this  energy  region  increases  drastically 
with  Sb2S3  concentration  x  and  strongly  depends  on  fre¬ 
quency.  We  obtained  the  values  of  Nq"  2  and  « o (=Vt/  i ) 
in  equation  (1)  from  the  above  procedure. 

In  Fig.  2,  the  magnitudes  of  Nq*2  for  (As2S3)i-x 
(Sb2S3)x  are  shown  as  a  function  of  the  concentration  x. 
They  increase  superlinearly  with  the  concentration  x. 
With  a  view  to  explain  the  remarkable  increase  of  the 
charge  fluctuation  with  concentration  x,  Nq*  2  can  be 
expressed  for  convenience  as 
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Nqt2=(Nqr)„-o-(fcfco^  AD  (3) 

where  eerr  is  the  effective  charge  obtained  from  the 
Reststrahlen  bands  and  No  is  the  number  of  oscillators 
with  e0fr  per  unit  volume.  The  first  term  in  equation 
(3),  shown  as  the  line  ®  in  Fig.  2,  represents  the 
contribution  of  charge  fluctuation  induced  in  proportion 
to  effective  charge.  On  the  other  hand,  the  second  term 
AD  in  equation  (3),  shown  as  the  curve  ©  in  Fig.  2, 
corresponds  to  excess  of  charge  fluctuation  which  might 
be  created  by  the  substitution  of  Sb  for  As  atoms  in 
this  system.  The  value  of  AD  is  related  to  the  incre¬ 
ment  of  the  degree  of  disorder. 

The  correlation  lengths  i  derived  from  the  relation 
i=V t/<oo  are  listed  in  Table  1.  The  value  of  i 
decreases  from  7  A  to  4.5  A  with  an  increase  in 
concentration  x. 

The  local  structure  of  glassy  Sb2S3,  which  is  a  3-2 
covalent  network  composed  of  trigonal  pyramids  SbS3  ,  is 
similar  to  that  of  AsaS.i  glasr  with  respects  to  the  co¬ 
ordination  number  and  the  basic  structural  unit.  For 
this  reason,  it  could  be  considered  that  there  is  no 
remarkable  change  in  short  range  order  for  (As2S3) i-x 
(Sb2S3)x  system.  On  the  other  hand,  the  network 
structure  is  based  on  2D-clusters  (layers)  in  As2S3 
glass,  but  on  more  or  less  ID  clusters  (bands)  in  Sb2S3 
glass.  This  difference  between  the  medium  range 

structures  of  them  suggests  that  the  increase  of  Sb2S3 
concentration  x  prompts  chain-branching  and  the  inter¬ 
connection  of  layer-forming  configurations.  Namely,  the 
substitution  of  Sb  for  As  atoms  in  glassy  As2S3  creates 
a  gradual  transition  from  a  glassy  layer-like  structure 
of  As2S3  to  a  different  kind  of  continuous  random 
network  structure.  This  is  why  the  correlation  length 
of  the  charge  fluctuation  decreases  with  an  increase  in 
Sb2S3  concentration.  This  conclusion  is  consistent  with 
the  assertion  by  Cervinka  through  the  analysis  of  the 
RDF  of  electron  density  calculated  from  X-ray  diffrac¬ 
tion  data  [7], 
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Figure  1 

Fitting  of  the  theoretical  curves  by  equations 
(1)  and  (2)  with  the  spectra  of  na/(fiw)z 
obtained  experimentally. 


(As2Ss)  i-x(Sb2S3)x 


concentration 

X 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

1 

7.2 

5.8 

4.8 

4.4 

4.5 

4.4 

4.6 

Figure  2 

Magnitude  of  NqT  2  derived  from  equation(l). 

The  lines  ©  and  ©  are  related  to  the  first 
and  second  terms  in  equation  (3),  respectively. 


Table  1 

Correlation  length  i  obtained  from  the  best 
fit  in  Fig.  1. 
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ABSTRACT 

The  effects  of  annealing  on  the  electrical 
properties  of  Cda2HgQg  Te(CMT)  grown  by  liquid  phase 
epitaxy  technique  are  investigated.  We  show  that 
the  annealing  at  the  temperature  as  low  as  250°C 
under  the  vacuum  condition  is  superior  to  the  con¬ 
ventional  technique,  annealing  at  the  temperature 
higher  than  400°C  under  Hg  over-pressure,  to  obtain 
high  quality  p-CMT  layers.  Hole  concentration  and 
mobility  of  the  resultant  p-CMT  are  7.2xl0lscm-3  and 
787  cm2/V*sec,  respectively. 


INTRODUCTION 

The  as-grown  CMT  epitaxial  layers  by  liquid 
phase  epitaxy  from  Te  solution  are  generally  p-type 
with  high  hole  concentration  (over  1017cm-3)  and  low 
mobility  (below  300  cm2/V-sec)  (1 ) , (2) .  In  order  to 
adjust  these  electrical  properties  to  suit  the 
device  requirement,  the  annealing  under  Hg  over¬ 
pressure  at  high  temperature  (T  >  400°C)  has  been 
pursused  (4)  ,  (9) , (11) .  In  terms  of  p-type  crystal, 
it  is  generally  accepted  that  Hg  vacancy  is  the 
dominant  acceptor  in  CMT.  However,  there  is  such  a 
dispute  that  the  redistribution  of  residual  acceptor 
impurities  from  the  gettering  site  converts  n-CMT 
crystal  to  p-type  due  to  the  annealing  (3). 

In  this  paper,  the  electrical  properties  in  CMT 
are  investigated  as  a  function  of  annealing  condi¬ 
tion.  We  demonstrate  that  low  temperature  annealing 
below  250°C  under  the  vacuum  makes  CMT  layers  higher 
quality  superior  to  the  conventional  high  tempera¬ 
ture  annealing  under  Hg  over-pressure,  and  that  not 
only  Hg  vacancy,  but  also  residual  impurities  are 
the  dominant  acceptor  in  CMT. 


EXPERIMENTAL 

CMT  (X-=0.2)  epitaxial  layers  were  grown  on 
CdTe(lll)B  substrates  by  LPE  technique  using  a  slider 
boat  as  shown  Figure  1.  HgTe  ingot,  which  plays  the 
role  of  exerting  the  Hg  pressure  on  a  grown  layers, 
was  loaded  in  the  slider  boad.  The  furnace  tempera¬ 
ture  was  lowered  at  the  rate  of  0.5°C/min,  and  the 
growth  temperature  was  480°C. 

As-grown  CMT  layers  were  annealed  under  two 
conditions;  one  is  under  the  constant  temperature  of 
400°C  under  Hg  pressure  ranging  from  20  to  150  torr, 
the  other  is  under  various  temperature  from  130  to 
350°C  under  vacuum  condition.  Carrier  concentration 
and  Hall  mobility  in  annealed  CMT  layers  were  measu¬ 
red  at  77K  by  van  der  Pauw  method. 


RESULTS  AND  DISCUSSION 

Annealing  under  Hg  over-pressure 

Figure  2  shows  the  electrical  properties  of  CMT 
at  77K  as  a  function  of  the  partial  pressure  of  Hg. 
The  hole  concentration  is  shown  to  be  inversely  pro¬ 
portional  to  Hg  pressure,  which  agrees  with  the  re¬ 
lationship  deduced  from  the  theory  of  defects  chem¬ 
istry  equilibrium  (8).  This  agreement  suggests  that 
the  hole  concentration  is  dominated  by  Hg  vacancy. 

Since  the  concentration  of  hole  increases  with 
the  annealing  temperature  at  the  constant  Hg  pressure 
(5), (8), (10),  higher  quality  p-CMT  layers  should  be 
obtained  by  the  annealing  condition  at  lower  temper¬ 
ature. 

Annealing  under  vacuum  condition 

Figure  3  shows  the  relationship  between  the 
electrical  properites  of  CMT  and  the  annealing  tem¬ 
perature  under  vacuum  condition.  The  temperature 
dependence  of  the  hole  concentration  in  the  region 
above  190°C  is  given  empirically,  by 

Ch’3=  9.2  xiO21  exp  (-0.6eV/kT)  cm-3  . 

The  activation  energy,  E  =  0.6eV,  which  is  believed 
to  be  the  formation  energy  of  Hg  vacancy  under 
vacuum  condition.  Similar  experiments  have  been 
reported  by  S.H.Shin  (7)  and  H.Wiedeneier  (6):  their 
values  are  0.9,  0.43  eV,  respectively,  these  dis¬ 
parities  from  our  value  due  to  the  difference  of  the 
experimental  condition. 

While  in  the  region  below  190°C,  the  slop  of 
the  curve  is  opposite  to  that  above  190°C,  indicating 
that  dominant  acceptor  is  not  Hg  Vacancy,  but  another 
factor  such  as  residual  impurities  (3).  During  the 
annealing,  Te  precipitate  being  present  in  CMT 
getters  residual  impurities  such  as  Cu,  Na,  which 
behave  acceptor.  Thus  the  high  quality  p-CMT  layers 
are  obtained  at  minimum  point  of  the  curve,  where 
hole  concentration  and  mobility  at  77K  are  7.2 x 1015 
cm-3  and  787  cm2/V>sec,  respectively. 

Diffusion  experiment  at  150°C  for  an  hour  shows 
that  diffusion  depth  of  In  for  the  layers  under  Hg 
over-pressure  is  five  times  larger  than  that 
under  vacuum  condition.  This  result  agrees  with  our 
conclusion  that  p-CMT  annealed  at  lower  temperature 
has  lower  defects  concentration. 


CONCLUSION 

(1)  High  quality  p-CMT  layers  are  obtained  by  low 
temperature  annealing  technique  under  the 
vacuum  condition. 
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(2)  There  are  two  types  of  acceptor.  One  is  Hg 
vacancy  being  dominant  at  high  temperature,  the 
other  is  residual  impurities  at  low  temperature 

(3)  The  annealing  temperature  should  be  as  low  as 
possible,  to  lower  the  concentration  of  defects 
in  CMT  layers. 
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Figure  1 

A  slider  boat  with  the  HgTe  room. 
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Figure  2 

Electrical  properties,  hole  concentration 
and  Hall  mobility,  as  a  function  of  par¬ 
tial  pressure  of  Hg. 
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Figure  3 

Electrical  properties,  hole  concentration 
and  Hall  mobility,  as  a  function  of 
annealing  temperature  under  vacuum  condition. 
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ABSTRACT 


The  single  crystal  silicon  is  a  monatomic  material.  The  lattice  vibration 
absorption  peaks  appear  around  18,000  GHz  (600  wavenumber  per  centimeter). 
The  only  other  absorption  process  present  in  the  entire  millimeter  and 
submillimeter  wave  region  is  the  free  carrier  absorption  which  centers  around  60 
GHz  (5  mm  in  wavelength,  2  wavenumber  per  centimeter).  The  free  carrier 
absorption  can  be  reduced  in  two  way:  by  making  the  material  ultra  pure  or  by 
introducing  deep  trap  impurities  while  manufacturing.  The  resistivity  increases  in 
both  cases.  Complex  refractive  index,  complex  dielectric  permittivity  and  loss 
tangent  spectra  on  several  hyperpure  silicon  specimens  will  be  presented  as  a 
function  of  frequency  and  resistivity  and  compared. 
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BAND  DEGE  STRUCTURE  OF  Pbi-xSnxTe  DOPED  WITH  INDIUM  BY  FAR-INFRARED 
MAGNETOPLASMA  REFLECTION  METHOD 

S.  Takaoka,  S.  Shimomura,  H.  Takahashi  and  K.  Murase 
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ABSTRACT 

Far-infrared  magnetoplasma  reflection  spectra  of  In 
doped  Pbi_xSnxTe  are  measured  across  the  band  inver¬ 
sion  region  (0.15<x<0.40).  From  the  spectra,  the 
temperature  dependeces  of  photo-carrier  concentra¬ 
tions  and  cyclotron  masses  are  determined  below  20K, 
where  large  photoconduction  is  observed.  By  using  the 
two  bands  theory  with  observed  masses  and  carrier 
concentrations,  it  is  found  that  the  band  edge  masses 
become  much  heavior  even  by  1%  In  doping  ,  while  the 
band  gaps  do  not  change  appreciably  as  compared  with 
those  of  undoped  Pb]_xSnxTe. 

INT0R0DUCTI0N 

The  IV-VI  compound  semiconductors  such  as  PbTe, 
SnTe  and  PbSe  are  well-known  narrow  gap  semiconduc- 
tors[1].  Especially,  it  has  been  believed  that  the 
band  gap  (Eg)  of  Pbi_xSnxTe  decreases  with  increasing 
tin  composition  (x)  and  the  conduction  and  valence 
bands  cross  each  other  i.e.  Eg  becomes  zero  near 
x=0.35  at  4.2K  and  then  Eg  increases  again  with 
larger  x[l].  However,  it  is  very  difficult  to  inves¬ 
tigate  the  band  edge  structure  near  the  band  inver¬ 
sion  region  .since  a  only  high  carrier  concentration 
more  than  lO^cm'^  specimen  with  low  density  of 
states  due  to  the  small  effective  mass  is  availa- 
ble[2]  and  the  edge  structure  is  hidden  by  the  high 
carrier  concentration  in  normal  Pb-]_xSnxTe. 

When  In  is  doped  in  Pb-]_xSnxTe,  the  chemical  poten¬ 
tial  (Fermi  level)  is  pinned  and  moves  down  from  the 
conduction  band  (x<0.23)  to  the  band  gap 
(0.23<x<0.30)  and  then  to  the  valence  band  (x>0.30) 
with  increasing  x(31.  The  low  carrier  concentration 
specimens  with  10lhcn)-3  _  101  7cm~3  are  obtained  in 
the  band  inversion  region.  Further  a  remarkable 
strong  photoconduction  sensitive  to  infrared  radia¬ 
tion  is  observed  below  20K[3,4].  With  changing  tem¬ 
peratures,  the  photocarrier  concentration  varies 
greatly.  We  can  obain  the  information  of  the  band 
parameters  in  a  wide  range  of  carrier  concentration 
in  a  same  specimen. 

EXPERIMENTS 

The  specimens  used  in  this  study  were  single  crys¬ 
tals  grown  by  a  vapor  transport  method.  Indium  was 
introduced  to  the  sliced  crystal  by  isothermal  an¬ 
nealing  in  In  vapor[3].  The  amount  of  In  dopant  is 
estimated  to  be  1  at.%.  The  far-infrared  magneto¬ 
plasma  reflection  spectra  were  measured  using  a 
strip-line  method  with  HCN  laser  light  (337pm)  and  a 
split  type  superconducting  magnet  up  to  4T[4],  A 
magnetic  field  direction  can  be  changed  from  the 
Faraday  to  the  Voigt  configuration.  The  specimens 
were  exposed  to  room  temperature  black  body  radia¬ 
tion. 

In  Fig.1,  the  typical  spectra  in  the  Faraday  con¬ 
figuration  with  a  magnetic  field  parallel  to  a  <100> 


0  10  20  30  40 


MAGNETIC  FIELD  (kG) 

Fig.l.  Temperature  dependence  of  magnetoplasma 
reflection  spectra  of  In  doped  Pb-|_xSnxTe(x=0.23). 


CARRIER  CONCENTRATION 


(x1017cnf3) 

Fig. 2.  Carrier  concentration  dependence  of  effctive 
masses.  Solid  curve  is  calculation. 
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direction  for  x=0.23  are  shown  with  changing  tem¬ 
peratures  between  4.2K  and  20K.  With  increasing 
temperatures,  the  dip  positions  shift  to  lower  mag¬ 
netic  fields  and  dip  depths  become  smaller  due  to 
reduction  of  the  photocarrier  concentration  and  cy¬ 
clotron  mass.  The  broken  curves  in  Fig.l  are  calcu¬ 
lated  spectra  using  dielectic  functions  deriven  from 
the  Drude  model [4].  From  such  a  fittng  procedure, 
the  photocarrier  concentration  and  the  cyclotron  mass 
are  obtained  for  each  temperature.  In  Fig. 2,  the 
photocarrier  concentration  dependence  of  the  effec¬ 
tive  mass  is  plotted  again  by  using  previously  ob¬ 
tained  concentrations  and  masses  for  various  tempera¬ 
tures.  The  temperature  dependence  of  photocarrier 
concentration  is  discussed  in  other  papers[4,5j. 

DISCUSSION 

The  effective  mass  becomes  smaller  with  decreasing 
carrier  concentration  ,as  shown  in  Fig. 2,  probably 
due  to  the  band  non-parabol ici ty.  Since  the  band 
gaps  are  very  smal  1  (Eg<80meV)  in  the  present  speci¬ 
mens  ,  the  two  bands  theory  is  applicable  to  describe 
the  band  edge  structure.  Accoding  to  the  two  bands 
theory,  the  effective  mass  with  energy  £  is  expressed 
as[6] 

m*=m0(1+2E/Eg),  (1) 

where  m0  is  the  band  edge  mass.  The  relation  between 
the  carrier  concentration  (N)  and  the  Fermi  energy 
(Ep)  is  given  as 

N  =  /D(E,EF,m0)f(E,Ep,T)dE  ,  (2) 

where  D(E,Ep,m0)  is  the  density  of  states,  f(E,Ep,T) 
is  the  Fermi  distribution  function  and  T  is  tempera¬ 
ture.  The  solid  curve  in  Fig.2  is  the  calculated 
non-parabol icity  of  effctive  mass  to  reproduce  the 
experiments  using  eqs.(l)  and  (2).  The  fitting  para¬ 
meters  are  Eg  and  m0.  Thus  determined  Eg  and  m0  are 
plotted  vs.  tin  composition(x)  in  Figs.  3  and  4, 
respectively.  The  broken  curves  are  the  expected 
values  of  undoped  Pb-|_xSnxTe[3,7]. 

As  seen  in  these  figures,  m0  are  much  heavier  than 
those  of  undoped  Pbi_x$nxTe,  while  Eg  do  not  change 
remarkably  within  experimental  uncertainty.  In  the 
two  bands  theory,  the  band  edge  mass  is  expressed  as 
m0  =  Eg/2P2,  where  P  is  a  momentun  matrix  element 
between  the  conduction  and  valence  bands[6].  The 
enhancement  effect  of  m0  by  doping  In  was  already 
reported  in  Pbi_xSnxTe  film  (x=0.25)[8].  However 
there  were  some  complicated  situations  such  as  the 
valley  splitting  due  to  the  strain  in  the  film  sample 
and  only  one  sample  was  measured,  we  could  not  trace 
the  enhancement  effect  to  its  origin.  From  this 
study,  it  is 'considered  that  the  enhancement  of  m0  by 
doping  In  is  mainly  due  to  the  reduction  of  the 
matrix  element. 
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COMPOSITION  (x) 

Fig. 3.  Composition  dependence  of  Eg  of  Pb-|_xSnxTe 
doped  with  In.  Broken  curve  is  expected  value  of 
undoped  Pb-|_xSnxTe. 


Fig.4.  Composition  dependence  of  band  edge  masses  of 
In  doped  Pb-|_xSnxTe.  Broken  curve  is  expected  value 
of  undoped  Pb-|_xSnxTe. 
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ABSTRACT 

The  quasi -local  modes  induced  by  light 
impurities  in  CdTe  and  observed  by  use  of 
the  far  infrared  spectroscopy  have  been 
reported.  The  theoretical  analysis  of 
these  modes  by  combining  the  Green's 
function  with  Recussion  calculation  has 
shown  an  obvious  acoustic  phonon  behavior 
of  quasi -local  modes. 

INTRODUCTION 

In  recent  years,  there  have  been  a 
lot  of  theoretical  and  experimental 
studies  on  the  lattice  vibrations  induced 
by  impurities  in  semiconductors  and  other 
sol ids [1,2].  Many  quasi -local  modes 
related  with  impurities  and  located  just 
anove  the  TA  acoustic  phonon  band  of  host 
crystal  have  been  reported  in  element 
semiconductor  Si  and  Ge  and  in  III-V  froup 
compound  semiconductor  GaAs  and  GaP,  in 
addition  to  the  local  modes  induced  by 
impurtities  above  the  optical  phonon  band 
of  host  crystal [3, 4] .  In  order  to  see  the 
generalization  of  this  phenomenon,  here  we 
report  a  systematical  study  on  the  low 
frequency  impurity  vibration  modes  in  II- 
VI  semiconductor  CdTe. 

EXPERIMENTS  AND  RESULTS 

The  mixed  crystal  Cd  i  -xFexTe,  Cdi- 
xZnxTe  and  CdTei-xSex  used  in  our 
experiments  are  grown  by  modified  Bridgman 
method.  Their  composition  x  is  between 
0.005  and  0.05.  So  our  samples  can  be 
considered  as  CdTe  doped  with  impurity  Fe, 
Zn  and  Se  because  we  only  study  their 
lattice  vibration  behavior. 

The  far  infrared  reflection  spectra 
and  trasmission  spectra  of  our  samples 
have  been  measured  by  Fourier  transform 
spectrometer  in  the  wavenumber  region  of 
20  -  360cm*1  with  a  resolution  of  1  -  2cm*' 
at  different  temperature  from  4.2K  to 
300K.  The  typical  absorption  spectra  are 
shown  in  Fig.1.  By  analysing  the 
temperature  effect  of  the  absorption  peaks 
in  Fig.1  we  have  identified  that  one  of 
lower  frequency  is  one  phonon  absorption 
and  the  other  is  two  phonon  absorption. 
The  dielectric  function  €(cO)  of  our 
samples  is  derived  from  their  reflection 
spectra  by  K-K  relation  calculation  and 
random  element  isodisplacement  model 
fitting.  From  the  peaks  in  Im(6(ciJ))  and 


absorption  peaks,  we  distinguished  the 
quasi-local  modes  at  56cm-*, 54cm*1  and  55cm*' 
related  to  the  impruities  Fe,  Zn  and'Se; 
local  modes  at  196cm'1,  174cm*1  and  176cm** 

induced  by  Fe,  Zn  and  Se  in  addition  to 
the  band  modes  of  CdTe.  Similar  with  the 
properties  of  quasi-local  modes  observed 
in  Si,  Ge,  GaAs  and  Gap,  the  frequencies 
of  the  quasi-local  modes  observed  in  our 
samples  are  also  just  above  the  critical 
point  of  the  TA  phonon  band  of  CdTe. 

DISCUSSION 

With  the  harmonic  approximation,  the 
equation  for  lattice  vibration  can  be 
written  in  the  matrix  form  as 

HIu>=m‘|u>  (1) 

where 

UM  =">k'>iU 

HKk'xx-  =  ixtt'xx'  /(“■»«<  ) 
u!»*'  the  vibrational  amplitude  component 
in  x  direction  at  the  k-th  atom,#^ 
is  the  xx ’  element  in  the  interaction 
matrix  between  k-th  and  k’-th  atom,  mK  the 
mass  of  k-th  atom, cO  is  the  frequency.  The 
Green’s  function  related  to  matrix  H  is 
defined  as 

G(fc»*)  (H- a>*I)=I  (2) 

where  I  is  the  unit  matrix.  Transforming 
the  matrix  H  into  a  tri-diagonal  matrix  H‘ 
and  calculating  the  imaginary  part  of  the 
diagonal  elements  of  Green's  function  one 
can  get  the  local  densities  of  states 
(LDOSs)  of  the  lattice  vibration[4] . 

Applying  this  theoretical  procedure 
on  our  system  -  II-VI  group  compound 
semiconductor  CdTe  doped  with  impurities 
Fe,  Zn  and  Se,  we  have  got  the  local 
density  of  states  (LDOSs)  of  imprurity 
atoms  Fe,  Zn  and  Se  and  their  surrounding 
atoms.  The  comparison  of  LDOSs  of  impurity 
atoms  with  the  LDOS  of  host  atom  shows 
that  there  are  two  peaks  of  density  of 
states  located  above  TA  phonon  band  and 
optical  phonon  band  respectively.  The 
frequencies  of  these  two  peaks  are  the 
same  as  those  observed  in  our  experiments. 

The  both  theoretical  and  experimental 
values  are  listed  in  table  1.  The  LDOSs  of 
impruity  atom  and  its  surrounding  atoms 
have  been  shown  in  Fig. 2.  Considering  that 
LDOSs  is  proportional  to  the  vibration 
amplitude  of  correspond  atom,  we  see  from 
Fig. 2  that  the  amplitude  of  the  local  mode 
decreases  so  quickly  that  at  the  second 
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nerghbour  atoms  it  has  been  fairly  weak, 
but  for  the  quasi-local  mode  the  amplitude 
decays  to  a  constant  value  which  is  the 
amplitude  of  vibration  for  atom  replaced 
by  impurity  at  this  frequency  in  perfect 
crystal .  This  is  a  resonance  mode 
behavior.  The  correlation  functions  of 
impurity  atom  with  its  surrounding  atoms 
show  that  the  impurity  atom  vibrate  in  the 
same  direction  with  its  nearest  neighbour 
atom  but  in  the  opposite  direction  withe 
its  second  neighbour  atom.  So  contrast  to 
the  local  mode  which  behaves  as  an  optical 
phonon,  the  quasi-local  mode  behaves  as  an 
acoustic  phonon  of  fair  large  wave  vector. 
This  difference  makes  that  the  dipole 
formed  by  local  mode  is  much  larger  than 
that  formed  by  quasi-local  mode.  This  fact 
is  the  major  reason  for  why  the  absorption 
intensity  of  local  mode  is  much  higher 
than  that  of  quasi-local  mode  as  observed 
in  our  experiment. 

Table  1 

Frequencies  of  local  and  quasi -local 
mode  in  doped  CdTe* 


impurity 

Fe 

Zn 

Se 

Cd^fcm'1) 

196 

174 

176 

astern") 

196 

171 

177 

cdj,(cm-') 

56 

54 

55 

tojt(cr') 

56 

54 

55 

*  and  CJtt  represent  the  experimental 

and  theoretical  values  of  frequencies 

for  local  modes  respectively. 

and  are  same  as  cOie  and<J[t 

respectively  but  for  quasi-local 

modes . 
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Figure  1 

Absorption  spectra  of  CdTe  doped  with 
(a)Fe  (b)Se  (c)Zn. 


Figure  2 

LDOSs  for  impurity  Fe  (FI),  nearest 
neighbour  atom  of  Fe  (F2),  second  nearest 
neighbour  atom  of  Fe  (F3),  third  nearest 
neighbour  atom  of  Fe  (F4)  and  Cd  in  pure 
CdTe  (F5 ) . 
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ABSTRACT 

A  review  is  given  on  actual  applica¬ 
tions  of  far-infrared  gas  lasers  in  basic 
laser  physics.  These  concern  the  various 
aspects  of  distributed  feedback  and  deter¬ 
ministic  chaos. 


INTRODUCTION 

In  recent  years  far-infrared  gas 
lasers  evolved  as  valuable  tools  for  the 
experimental  study  of  two  different  basic 
concepts  in  laser  science,  i.e.  distributed 
and  helical  feedback  on  one  hand  as  well  as 
deterministic  chaos  on  the  other  hand. 

With  respect  to  the  experimental 
investigation  of  the  mode  properties  of 
distributed  and  helical  feedback  laser 
systems  and  the  comparison  of  the  results 
with  the  theoretical  predictions  the 
optically  pumped  far-infrared  lasers  have 
proven  to  be  superior  to  semiconductor  and 
dye  lasers  mainly  due  to  their  narrow  gain 
profile.  Thus,  it  was  possible  to  test  the 
coupled-wave  theory  relevant  to  distributed 
feedback  (DFB)  with  weak  periodic 
modulation  of  the  index  of  refraction  or 
waveguide  cross-section,  to  investigate  the 
in-gap  modes  occuring  in  distributed 
feedback  with  phase  matching  achieved  by 
gaps  in  the  periodic  laser  structure,  to 
realize  helical  feedback  (HFB)  with 
waveguide  structures  of  the  symmetries  of 
the  helix  and  the  double  helix,  and 
finally,  to  verify  quantitatively  nonlinear 
gain  saturation  in  distributed  and  helical 
feedback  lasers. 

In  1975  Haken  proved  that  the  theoret¬ 
ical  model  of  deterministic  chaos  postu¬ 
lated  by  Lorenz  in  1963  can  also  be  applied 
to  the  nonlinear  dynamics  of  lasers  under 
specific  conditions.  In  the  meanwhile  it 
was  realized  that  specifically  designed 
optically  pumped  far-infrared  gas  lasers 
exhibit  the  phenomena  characteristic  for 
deterministic  chaos.  These  include  the 
transition  from  the  stationary  oscillation 
through  subharmonic  instabilities  to  chaos 
as  well  as  the  intermittent  route  of 
Mannevil le-Pomeau.  Therefore,  the  current 
research  concentrates  on  the  quantitative 
interpretation  of  instabilities  and  chaos 
in  far-infrared  gas  lasers  in  view  of  the 
theory  on  deterministic  chaos. 


DISTRIBUTED  AND  HELICAL  FEEDBACK  LASERS 

In  lasers  the  optical  feedback  is  usu¬ 
ally  provided  by  the  reflections  on  the  two 
mirrors  of  the  conventional  laser  resona¬ 
tors.  The  main  handicap  of  these  resonators 
with  the  optical  feedback  localized  at  the 
mirrors  is  the  similarity  of  the  losses  of 
their  fundamental  longitudinal  modes  which 
are  separated  by  c/2R  in  frequency.  R  indi¬ 
cates  the  length  of  the  resonator  and  c  the 
velocity  of  light.  This  handicap  impedes  the 
single-mode  operation  of  lasers  with  a 
broad-band  gain  of  the  active  medium,  i.e. 
of  dye,  semiconductor  and  high-pressure  gas 
lasers.  This  can  be  avoided  by  replacing  the 
conventional  optical  resonators  by  axially 
periodic  or  helical  laser  structures.  In 
these  laser  structures  the  optical  feedback 
is  provided  by  backward  Bragg  scattering 
from  periodic  or  helical  modulations  of  the 
waveguide,  the  refraction  index  and/or  the 
gain  of  the  laser  medium.  In  this  arrange¬ 
ment  the  optical  feedback  is  distributed 
along  the  entire  laser  structure.  Therefore, 
it  is  called  distributed  feedback  (DFB)  for 
axially  periodic  and  helical  feedback  (HFB) 
for  helical  laser  structures.  The  relevant 
feature  of  DFB  and  HFB  is  the  high  spectral 
selectivity  inherent  in  the  Bragg  effect 
which  permits  easy  selection  among  the 
fundamental  longitudinal  laser  modes  even 
for  laser-active  media  with  broad-band  gain. 

Distributed  feedback  (DFB)  was  accom¬ 
plished  first  in  a  dye  laser  [1],  later  in  a 
solid-state  laser  [2]  and  in  a  gas  laser 
[3-5].  The  DFB  gas  laser  is  an  optically 
pumped  far-infrared  496  pm  CH3F  laser  [6-8] 
with  a  periodic  waveguide  acting  as  optical 
feedback  system. 

The  majority  of  calculations  on  DFB  la¬ 
sers  are  based  on  perturbation  theory.  1 1 
can  be  applied  to  lasers  with  weak  axially 
periodic  modulations  of  waveguide  cross-sec¬ 
tion,  refraction  index  or/and  gain  of  the 
laser  medium.  The  successful  coupled-wave 
theory  [9-11]  is  relevant  for  the  far-infra¬ 
red  DFB  gas  lasers.  Therefore,  these  have 
been  applied  to  test  this  theory  [4,  5, 
12-16].  On  the  other  hand,  they  are  not 
suited  for  a  study  of  DFB  with  strong  axi¬ 
ally  periodic  modulations  [16-17]. 

DFB  lasers  with  low  gain  and  pure  index 
modulation,  e.g.  DFB  far-infrared  gas  lasers 
exhibit  frequency  gaps  without  modes.  They 
correspond  to  the  energy  gaps  of  solids. 
However,  it  is  possible  to  generate  modes 
within  these  frequency  gaps  by  phase 
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matching  with  the  aid  of  a  spatial  gap  in 
the  continuous  periodic  laser  structure. 
Also  this  phenomenon  can  be  demonstrated 
theoretically  by  coupled-wave  theory  [10, 
11,  15]  and  experimentally  with  far-infra- 
red  gas  lasers  [15].  The  in-gap  modes  are 
of  special  interest  in  the  design  of  semi¬ 
conductor  DFB  lasers. 

The  concept  of  helical  feedback  (HFB) 
which  is  based  on  group  theory  [13,  19]  was 
first  verified  on  an  optically  pumped  far- 
infrared  gas  laser  equiped  with  a  helical 
waveguide  for  optical  feedback  [13,  18, 
19].  In  the  meanwhile  it  was  noticed  that 
HFB  is  also  present  in  dye  lasers  with 
cholesteric  liquid  crystals  serving  as  op¬ 
tical  feedback  [10,  11,  16,  20]. 

Only  recently  it  was  discovered  that 
the  power  distributions  of  the  modes  near 
the  frequency  gaps  of  far-infrared  DFB  gas 
lasers  manifest  nonlinear  gain  saturation 
[21].  This  opens  new  aspects  in  the  study 
of  DFB  and  HFB  lasers. 


DETERMINISTIC  CHAOS 

Instabilities  in  laser  emission  nota¬ 
bly  in  the  form  of  coherent  pulsations  have 
been  observed  almost  since  the  first  demon¬ 
stration  of  laser  action.  The  first  laser 
operated  in  1960  by  Maiman  [22]  generated 
noisy  spiked  output  even  under  condition  of 
quasi  steady  excitation.  Subsequent  theo¬ 
retical  efforts  towards  understanding  these 
phenomena  remained  on  a  modest  level  until 
Haken  [23]  demonstrated  that  the  Lorenz 
model  [24,  25  ]  of  deterministic  chaos  can 
also  be  applied  to  the  nonlinear  dynamics 
of  lasers.  In  the  meanwhile,  a  large  varie¬ 
ty  of  experiments  on  pulsating  instabili¬ 
ties  and  chaos  in  lasers  has  been  performed 
[26-29].  Optically  pumped  far-infrared 
lasers  have  proven  to  be  predestinated  for 
this  kind  of  experiment.  This  was  first 
recognized  by  Weiss  et.  al .  [29-32].  For 
this  purpose  they  applied  81.5  pm  NH3 
[30-31]  and  117  pm  CH2F2  [32]  lasers. 
Laser-pumped  gas  lasers  are  usually  not 
properly  described  by  the  three  Lorenz 
equations  of  a  two-level  laser  derived  by 
Haken  [23].  The  coherent  coupling  of  the 
three  levels  of  a  laser-pumped  gas  laser 
includes  nine  equations.  The  conditions  for 
the  reduction  of  these  nine  equations  to 
the  three  Lorenz  equations  have  been  formu¬ 
lated  by  Dupertuis  et .  al .  [33].  This  re¬ 
duction  is  possible  for  optically  pumped 
far-infrared  lasers  with  some  restrictions. 

In  summary,  optically  pumped  far- 
infrared  lasers  are  especially  suited  for 
the  study  of  pulsating  instabilities  and 
chaos  in  lasers.  In  this  context  it  should 
be  mentioned  that  they  permit  to  demon¬ 
strate  the  sequence  of  subharmonic  insta¬ 
bilities  to  chaos  in  detail  [31].  Other 
phenomena  of  deterministic  chaos  are  under 
investigation. 


CONCLUSION 

Actually,  the  optically  pumped  far- 
infrared  gas  lasers  developed  in  the  seven¬ 
ties  prove  to  be  the  predestinated  tool  for 
the  study  of  two  basic  concepts  of  laser 
physics.  This  was  not  expected  at  the  time 
of  their  discovery. 
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Figure: 

Experimental  demonstration  of  non-linear  gain 
saturation  in  an  optically  pumped  496  pm  CH3F 
DFB  laser  (PhD  thesis  J.  Arnesson,  ETH, 
Zurich,  1988).  Tuning  is  performed  by  thermal 
expansion  of  the  periodic  laser  waveguide. 
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ABSTRACT 


So  far,  the  optically  pumped  FIR  laser  was  a 
useful  and  cheap  coherent  source  for  FIR  tech¬ 
niques.  The  drawbacks  of  this  kind  of  laser 
source  are:  (1)  Provides  only  discrete  FIR  discrete 
FIR  spectral  lines.  (2)  It  lase  with  relatively 
low  efficiency.  (3)  It  occupies  too  large  space  as 
compared  with  the  conventional  electronic  equip¬ 
ments.  In  this  review,  the  theory  of  optically 
pumped  FIR  laser  actions  in  the  multi-level  quan¬ 
tum  system  will  be  introduced  as  follows: 

1)  Density  matrix  equations  of  the  laser 
system. 

2)  The  solutions  of  the  density  matrix 
equations. 

3)  Tuning  characteristics  and  gain  response 
of  Raman  laser. 

4)  Solution  of  the  density  equations  with 
IsVlp. 

5)  Calculation  of  output  power  density  of 
OPFIRL. 

6)  Gain  saturation  effect. 

7)  Interactions  between  multiphoton 
processes. 


8)  Further  study  of  AC  Stark  effect  in  OPFIRL. 

9)  Optimization  of  the  operating  parameter  of 
OPFIRL. 

10)  The  features  of  the  two  longitudinal  inodes 
pumped  OPFIRL. 
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LIME  SELECTION  IN  OFF-RESONANTLY  PUMPED  SYSTEMS 
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PHB  Ecublens,  CH-1015  Lausanne,  Switzerland 

Abstract;  The  problem  of  line  competition  in  off-resonantly  pumped  systems  is  reviewed.  The 
theoretical  predictions  are  compared  with  recent  experimental  results  in  the  FIR. 

Introduction;  Numerous  lasers  in  the  far-infrared  (FIR)  are  optically-pumped.  This  is  due 
to  the  fact  that  the  small  energy  separation  between  the  ground  and  excited  energy  level  of 
the  FIR  transitions  is  typically  smaller  than  kT  ,  making  electrical  pumping  difficult 
(selectivity  larger  than  kT  ),  and  because  the  lifetime  of  the  rotational  levels  in 
molecules  is  short,  making  energy  storage  impossible  [1).  Optical  pumping,  on  the  other 
hand,  is  very  attractive  because  cheap,  efficient  and  powerful  sources  exist  (the  C02 
laser)  and  provide  an  excellent  selectivity  and  a  high  pumping  rate.  In  addition  pump 
tuning  off  resonance  often  permits  to  achieve  tunable  Raman  emission  inside  the  active 
medium.  On  the  coarsest  spectral  scale  different  laser  transitions  may  compete  with  each 
other  in  the  medium  (Fig.l  reproduced  from  [2]).  On  the  next  scale  (when  the  cavity  mode 
density  is  high  enough)  resonant  line-center  emission  may  compete  against  stimulated  Raman- 
type  emission.  Finally,  on  the  finest  scale,  several  competing  cavity  eigenmodes  can  appear 
within  each  type  of  lines  (especially  in  inhomogeneously  broadened  situations)  (Fig. 2). 
Line  competition  is  an  important  issue  when  it  is  desirable  to  ensure  tunability,  to  obtain 
high  spectral  purity  radiation  (or  single-mode  operation),  or  to  have  maximum  efficiency 
when  different  lines  couple  in  parallel  in  the  energy  diagram. 

In  the  present  study  we  will  rigorously  define  the  line-competition  problems  where 
parametric  (Raman-like)  processes  compete  against  resonant  (laser-like)  processes  and  study 
the  non  linear  interaction  mechanisms  between  them.  FIR  lasers  are  privileged  testbeds  for 
this  theory  but  it  is  also  of  relevance  for  Mid-IR  lasers  [3]  and  dimer  lasers  [4]. 

Line  competition:  The  main  pecularities  of  the  systems  pumped  by  off-resonant  coherent 
light  are  certainly  coherence  effects  and  coupled  Doppler  effects.  Both  arise  from  the  fact 
that  the  active  medium  is  at  least  a  three-level  system  interacting  with  two  classical 
fields.  To  illustrate  our  generalized  concept  of  line  competition  let  us  consider  the  gain 
spectrum  of  such  a  system.  In  general  three  conditions  are  required  to  have  two  distinct 
gain  peaks  as  in  Fig. 2,  one  at  the  Raman  frequency,  and  the  other  at  the  line-center; 

(i)  To  create  the  Raman  gain  the  system  must  be  pumped  off-resonantly, 

(ii)  The  pump  should  not  be  so  intense  as  to  induce  excessive  AC-Stark  shifts.  (If 
this  were  the  case,  the  peaks  would  tend  to  occupy  symmetric  positions  around  line  center 
and  their  nature  would  become  mixed  rendering  the  problem  more  complicated), 

(iii)  The  Doppler  broadening  should  not  mix  up  the  peaks  (on  both  transitions). 

The  line  competition  approach  consist  of  studying  the  combined  effects  due  to  the 
modes  under  the  Raman  line  onto  the  line  center  modes  or  vice  versa.  The  interaction 
between  modes  within  the  two  gain  peaks  will  be  neglected.  Hence  the  competition  situation 
is  described  by  the  effective  two-mode  model  of  Fig. 2  b).  The  problem  of  mode  competition 
under  one  of  the  peaks  and  its  relation  to  laser  instabilities  is  a  subject  of  interest 
which  has  been  studied  elsewhere  ([5-8]  and  [9-11]).  For  convenience  we  assume  a  single 
pass  amplifier  configuration.  To  some  extent  the  results  are  qualitatively  valid  for  the 
time  development  of  the  oscillation  in  a  resonator  structure  which  does  not  favor  any 
particular  oscillatioh  type  and  in  which  the  quasi  steady  state  approximation  applies. 

Predictions  and  experimental  results;  Within  the  approximations  detailed  above  we  have  been 
able  to  explain  the  dominance  of  Raman  emission  in  most  three  level  FIR  lasers  [12,1]. 
Three  effects  (a  population  effect,  population  pulsations,  a  coherence  effec'-)  participate 
in  the  creation  of  a  very  strong  absorption  at  the  FIR  resonance  frequency  in  the  presence 
of  a  strong  Raman  mode.  On  Fig. 3,  time  resolved  experiments  in  D20  [7]  show  that  both  the 
slightly  AC-Stark  shifted  line  center  and  Raman  emission  start  to  grow  out  of  noise.  As 
predicted  we  can  see  that  as  soon  as  the  Raman  inode  comes  into  saturation,  the  line  center 
mode  is  quickly  reabsorbed  and  "noise  quietening"  is  observed  in  this  channel. 

In  more  complicated  situations  where  a  refill  transition  becomes  simultaneously  active 
a  four  level  model  must  be  used  and  a  simple  explanation  of  the  overall  behaviour  in  terms 
of  the  three  level  behaviour  can  be  given  only  in  certain  cases.  Surprisingly  the  complex 
behaviour  of  the  whole  s,  stem  can  be  interpreted  as  resulting  from  the  complex  interaction 
of  simple  effects  [13].  In  this  case  it  is  possible  to  disentangle  unambiguously  each 
effect  from  each  other.  Moreover  only  two  possible  asymptotic  states  are  predicted  to  be 
possible  within  our  approximations,  and  these  states  are  unusual  because  they  include  a 
simultaneous  oscillation  at  the  Raman  and  line-center  frequencies  on  the  same  transition.  A 
review  of  the  literature  allowed  us  to  show  [14]  that  exactly  this  oscillation  state  had 
indeed  been  observed  by  De  Martino,  Frey  and  Pradere  [15]  in  conditions  compatible  with  our 
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theory.  These  results  spurred  a  detailed  study  of  a  variety  of  other  level  configurations 
[14,16],  as  well  as  on  the  influence  'of  a  number  of  additional  effects.  However  the 
complexity  of  the  results  lead  to  the  formulation  of  intuitive  guidelines  [14,16]  to  the 
general  line  selection  problem  instead  of  rigorous  prescriptions  which  we  summarize  below: 

1)  Raman  emission  is  strongly  favoured  on  all  transitions  coupled  to  the  off -resonantly 
pumped  ones, 

2)  Raman  oscillation  tends  to  suppress  line-center  oscillation  on  the  same  transition, 

3)  Raman  oscillation  may  strongly  assist  line-center  oscillation  on  another  transition, 

4)  Cascade  oscillation  is  generally  expected  to  be  resonant, 

5)  Interference  effects  are  associated  with  closed  paths  within  the  system  of  active 

transitions.  As  a  consequence,  a  phase  equation  has  to  be  added  to  the  set  of  evolution 

equations.  In  this  case  transverse  may  become  extremely  important  since  Raman  and  line- 

center  fields  can  have  different  directions  of  propagation, 

6)  Closed  multiphoton  resonant  paths  are  strongly  favoured. 

Conclusions:  The  study  of  line  competition  in  off-resonantly  pumped  systems  carried  out  in 
this  paper  is  feasible  only  as  long  as  the  concept  of  a  line  is  well  defined.  The 
requirements  for  this  have  been  formulated.  This  approach  is  attractive  because  it  allows 
one  to  study  the  start  up  of  the  oscillation  as  well  as  the  development  of  the  competition 
in  the  saturation  regime.  The  final  very  highly  saturated  regime  may  not  be  always  fully 
described  (typically  if  Eq.(23)  of  [16]  is  not  satisfied),  however  it  is  believed  that  the 
final  oscillation  mode  is  often  determined  by  the  early  phase  of  the  competition.  Moreover, 
as  emphasized,  in  this  case  the  concept  of  a  "line"  is  not  anymore  well  defined.  A  few 
experimental  results  have  been  carried  out  in  such  conditions  that  some  of  the  original 
predictions  of  the  theory  could  be  tested  and  confirmed.  Many  experimental  and  theoretical 

situations  remain,  however,  out  of  reach  of  a  detailed  study.  Recent  measurements  have  been 

recently  completed  and  are  still  under  way  [7,17,18]  and  we  hope  that  the  new  insights  in 
the  complex  spectral  behaviour  of  FIR  lasers  offered  by  the  study  of  line  competition 
effects  will  prove  useful. 
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ABSTRACT 

The  inverse  Smith-Purcell  (ISP)  effect  is  a 
candidate  for  laser-driven  linacs  with  an  accelera¬ 
ting  gradient  of  several  GeV/m.  It  uses  a  metallic 
grating  as  an  interaction  circuit.  For  the  first 
time,  we  observed  the  ISP  effect  using  a  submilli¬ 
meter  wave  (SMM)  laser  as  the  driving  source  in 
1987.  Since  then,  we  have  improved  the  signal-to- 
noise  ratio  in  the  electron  energy  measurements  to 
verify  the  theoretical  predictions  in  more  detail. 

In  this  paper,  we  describe  our  experimental 
apparatus  and  newly  obtained  experimental  results 
of  this  effect.  These  agreed  with  the  theory. 


THE  INVERSE  SMITH-PURCELL  EFFECT 

In  1953  Smith  and  Purcell  [1]  demonstrated  the 
light  is  emitted  when  a  high  voltage  electron  beam 
moves  parallel  and  close  to  a  metallic  diffraction 
grating.  The  light  is  emitted  in  the  plane  perpen¬ 
dicular  to  the  rulings.  The  dispersion  relationship 
is  given  by  a  synchronous  condition  between  the 
electrons  and  the  wave  on  the  grating.  In  the  in¬ 
verse  effect  [2-3],  the  same  relationship  holds, 
and  there  is  an  extended  interaction  between  the 
electrons  and  an  incident  light  beam  (Fig.  1). 


EXPERIMENT 

Fig.  2  shows  our  experimental  setup.  The  sub¬ 
millimeter-wave  CH3F  laser  produces  single  mode, 
496  pm  radiation  pulses  up  to  80  W  peak  power  and 
9  kHz  repetition  rate  (4].  The  laser  is  pumped  by 
newly  developed  current-pulsed  mechanical  shutter 
type  Q-switched  (EMQ-switched)  CO2  laser  (5].  The 
grating  with  a  rectangular  groove  shape  was  design¬ 
ed  and  fabricated  on  a  milling  machine  (6|.  The 
grating  has  a  pitch  of  246  pm,  a  groove-width  of  40 
pm,  and  a  groove-depth  of  104pm.  The  retarding 
field  electron  energy  analyzer  has  a  resolving 
power  of  0.8  eV  FWHM  at  an  electron-energy  of  80keV 
and  a  current  of  3  nA,  when  the  intrinsic  thermal 
energy  spread  of  the  electron  beam  is  taken  into 
account. 

The  SMM  laser  beam  fell  on  the  grating  at  the 
incidence  angle  0=7t/2  (Fig.  1).  The  pulsed  laser 
beam  modulates  the  energy  of  the  electron  beam,  so 
that  the  electron  current  through  the  analyzer 
changes  during  the  pulse.  The  change  in  the  anode 
current  is  measured  by  an  amplifier  and  box-car 
averager  that  is  triggered  by  the  CO2  laser  pulses. 

The  change  of  the  width  of  the  electron-energy 
spectrum  AW  is  shown  in  Fig.  3  as  a  function  of  the 


initial  electron  accelerating  voltage.  The  largest 
spread  is  produced  at  80  keV.  We  can  deduce  the 
effective  interaction  length  by  a  curve  fit  to  the 
data,  and  this  indicates  that  the  interaction 
length  is  3  mm.  This  is  shown  by  the  fitted  curve 
in  Fig.  3.  For  comparison,  theory  [7)  predicts 
values  of  78  kV  and  2.4  mm  for  our  grating  dimen¬ 
sions.  Fig.  4  shows  AW  as  a  function  of  the  peak 
power  of  the  laser.  It  is  seen  that  a  laser  power 
of  30  W  produces  a  100-eV  spread  in  the  electron 
energy.  The  dotted  line  has  a  slope  of  0.5,  indi¬ 
cating  that  the  energy  spread  is  proportional  to 
the  square  root  of  the  peak  power  of  the  laser,  as 
predicted  by  theory  [7). 
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INVERSE  SMITH-PURCELL  EFFECT 


Fig.  1  The  inverse  Smith-Purcell  effect.  When  a 
metallic  grating  is  illuminated  by  laser  light 
with  wavelength  X  at  an  incident  angle  0,  an 
infinite  number  of  evanescent  space  harmonics 
are  induced  on  the  grating  surface.  If  the 
phase  velocity  of  the  nth  order  space  harmonic 
is  equal  to  the  velocity  of  electron  which 
moves  parallel  and  close  to  the  grating  sur¬ 
face,  an  effective  interaction  between  the 
electron  and  the  nth  harmonic  can  be  obtained. 
The  synchronous  condition  is  represented  in 
the  figure,  where  D  is  the  pitch  of  the  grat¬ 
ing  ruling  and  c  is  the  velocity  of  light. 
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ENERGY  SPREAD 

OF  ELECTRONS  Ca.u.3 


Fig.  3  The  change  of  electron-energy  spread  vs.  the 
initial  accelerating  voltage  of  electron.  The 
points  represent  the  experimental  values  nor¬ 
malized  by  the  maximum  values.  The  solid  line 
is  theoretically  predicted  change  of  AW  for  an 
interaction  length  of  3  mm. 


Mirror 


Fig.  2  Experimental  setup  to  demonstrate  the  ISP 
effect. 
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Fig.  4  The  energy  spread  of  electrons  as  a  function 
of  the  peak  power  of  the  incident  laser  light. 
The  dotted  line  has  a  slope  of  0.5,  indicating 
that  the  energy  spread  is  proportional  to  the 
square  root  the  laser  power. 
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Abstract 

Various  kinds  of  copper  (Cu)  and 
molybdenum  (Mo)  mirror  were  studied  on  the 
damage  induced  by  a  TEA  CO,  laser.  Cu 
mirror  had  a  damage  thresholds  to  2.4  times 
higher  than  that  of  a  Mo  .mirror.  As 
suggested  in  the  previous  work1’,  a  single¬ 
crystalline  mirror  was  stronger  than  a  poly¬ 
crystalline  one  while  TEA  CO.  laser  was 
irradiated  onto  the  mirror  surface,  because 
most  of  the  damages  originated  at  the  grain 
boundaries  of  the  poly-crystal  1  me  surface. 


Introduction 

Metallic  mirrors  are  interesting  for  high 
power  TEA  CO,  laser  syslenr  because  of  the 
higher  laser  .damage  threshold.  In  the 
previous  work1  the  laser  induced  damage  of 
electron  beam  melting  Mo  mirror  and  powder 
metullurgy  Mo  mirror  were  investigated  for 
TEA  CO.  laser,  and  then  it  was  found  that 
the  difference  between  these  mirrors  at  the 
laser  damage  threshold  was  due  to  the  fine 
surface  without  voids  and  the  small  amount 
of  impurities.  In  this  study,  poly-  and 
single-cystal 1 ine  Cu  and  Mo  mirrors  with 
fine  surface,  which  contain  different 
amounts  of  impurities,  were  studied  on  the 
damage  threshold  for  pulsed  TEA  CO,  laser. 
Moreover,  a  Cu  mirror  coaled  with  ZnSe 
instead  of  Au  was  also  tryed  to  be 
irradiated  with  high  power  CO,  laser. 


Experimental 

The  surfaces  of  Cu  and  Mo  mirrors  were 
ground  by  a  diamond  turning  machine  and  by 
an  oscillation  type  machine,  respectively. 
The  experimental  method  of  laser  induced 
damage  was  the  same  as  previous  work1  . 
The  9R(22)  TEA  CO,  laser  with  pulse  length 
of  50  ns  was  focu§ed  onto  a  mirror  surface 
by  a  ZnSe  lens  with  10  cm  focal  length. 
The  incident  laser  energy  was  varied  by 
changing  the  distance  between  the  lens  and 
the  mirror. 

The  laser  induced  damages  of  three  kinds 
of  Mo  mirror  and  five  kinds  of  Cu  mirror 
were  studied  for  TEA  CO,  laser.  Poly¬ 
crystalline  Mo  mirrors  were  prepared  from 
low  carbon  content  (LC)  Mo  and  electron  beam 
melting  (EB)  Mo,  and  a  single-crystalline 
(SC)  Mo  mirror  was  obtained  from 
conventional  one.  On  the  Cu  mirror,  oxygen 
free  (OF)  Cu  and  high  purity  (HP)  Cu  were 
used  for  poly-crystalline  mirrors.  The 


latter  one  was  also  used  for  a  single¬ 
crystalline  (OFS)  Cu  mirror.  In  order  to 
clarify  the  effect  of  residual  strain  on  a 
mirror  surface  due  to  the  turning,  thermal 
treated  oxygen  free  (OFT)  Cu  mirror  was 
compared  with  usual  OF  Cu  mirror. 


Results  and  Discussion 

It  is  known  that  the  surface  condition  of 
a  mirror  is  important  for  laser  induced 
damage  threshold.  The  surface  roughness  of 
all  mirrors  was  within  100  A  rms  by  Talystep 
measurement.  The  flatness  of  a  whole  mirror 
surface  was  0.3  pm.  The  reflectivity  of  Mo 
and  Cu  mirrors  was  arround  98.3  and  99.2  % 
at  9.26  pm,  respectively.  Singlecrystalline 
mirrors  had  a  reflectivity  a  liitle  bit 
larger  than  poly-crystalline  one. 

When  the  laser  energy  density  was  high 
enough,  one  shot  irradiation  of  the  laser 
onto  any  kind  of  mirror  homogeneously  melted 
the  surface.  A  poly-crystalline  mirror  had 
cracks  along  the  grain  boundaries  but  a 
single-crystalline  mirror  only  melted 
without  any  crack.  Tables  1  and  2  show  the 
damage  threshold  for  some  kinds  of  Mo  and  Cu 
mirrors  under  one  shot  irradiation  of  TEA 
CO,  laser,  respectively.  These  results  (2nd 
column)  are  in  agreement  with  calculated 
ones  by  theory-1  (3rd  col.).  Cu  mirror  has 
a  threshold  about  twice  larger  than  Mo 
mirror.  The  tendency  is  seen  that  the 
damage  threshold  becomes  higher  as  the 
impurity  content  in  a  mirror  is  lower  and 
the  surface  is  single-  rather  than  poly¬ 
crystalline  state.  Although  ZnSe  coated 
(ZS)  Cu  mirror  had  a  reflectivity  almost 
same  as  Au  coated  mirror,  the  damage 
threshold  was  not  so  high  due  to  the  peeling 
of  ZnSe  layer.  If  the  coating  method  is 
improved,  we  will  be  able  to  expect  stronger 
and  more  practical  mirror  coated  with  ZnSe. 

To  study  the  damage  by  multi  shots  of 
laser  radiation,  the  focused  TEA  CO,  laser 
beam  was  irradiated  with  0.5  pps.  At  a 
certain  number  of  shots,  depending  on  the 
incident  enrgy  density,  a  plasma  was 
produced  on  the  mirror  surface.  The  number 
of  shots,  at  which  the  plasma  was  produced 
on  the  surface  of  Mo  mirror  and  the  reflec¬ 
tivity  abruptly  decreased,  is  plotted  in 
Fig.l.  It  is  seen  that  SC  Mo  mirror  has  the 
longest  life  time  in  three  kinds  of  jMo 
mirrors  as  expected  in  our  previous  work1  . 
The  micrograph  of  damaged  surface  of  SC  Mo 
mirror  and  LC  Mo  mirror  are  shown  in  Figs. 2 
and  3,  respectively.  It  is  seen  that  the 
damage  is  waved  on  the  SC  Mo  mirror.  On  the 
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other  hand,  in  the  LC  Mo  mirror  the 
neighbour  portion  of  grain  boundaries  is 
pushed  up  and  the  center  of  them  has  pit 
Furthermore,  impurities  in  the  grain 
boundaries  seem  to  be  spouted  out  as 
a  plasma.  These  phenomena  would  be 
caused  by  repeating  of  thermal  expansion 
and  shrinkage  of  the  grains  at  each  shot 
of  CO ,  laser.  And  then  the  thermal 
strain"  would  be  trapped  at  the  grain 
boundaries  in  LC  Mo  mirror  and  at  the 
irradiated  portion  in  SC  Mo  mirror 
without  any  grain,  respectively.  Some 
similar  results  were  obtained  on  Cu 
mirrors . 

In  conclusion,  at  one  shot  irradiation 
of  TEA  C02  laser  the  damage  threshold 
would  have^  weak  tendency  of  becoming 
higher  with  decreasing  of  impurity 
content  in  a  mirror.  On  the  other  hand, 
at  multi  shots  of  CO,  laser  radiation 
the  life  time  of  a  mirror  would  strongly 
depend  on  the  amount  of  impurities  in  a 
mirror  surface  and  also  depend  on  its 
crystal  1 ine  state. 
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Table  1  Surface  damage  threshold  vs  9.26- 


)im  R(22  )  TEA 
mirrors. 

C02  laser  beam 

t50ns)  of  Mo 

Mo  mirror 

threshold 

(J/cm2) 

experimental 

calculated 

LC  Mo 

45.7  -  54.4 

55.8 

EB  MO 

46.7  -  57.4 

59.0 

SC  Mo 

52.8  -  61.7 

62.7 

Table  2  Surface  Damage  threshold  vs  9.26- 
;im  R(22>  TEA  CO,  laser  beam  (50  ns)of  Cu 
mirrors. 


Cu  mirror 

threshold 

(J/cm2) 

experimental 

calculated 

OF  Cu 

76.2  -  112 

121 

OFT  Cu 

115 

- 

HP  Cu 

107  -  120 

129 

HPS  Cu 

115  -  121 

138 

ZS  Cu 

53.5  -  62.9 

- 

Fig.l  Shot  number  N  at  which  the  reflectivity 
abruptly  changed  as  a  function  of  illuminat¬ 
ion  energy  density  for  LC,  EB,  SC  Mo  mirrors. 
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Fig. 2  Damaged  microstructure  of  the  SC  Mo  mir¬ 
ror  surface  after  the  repetitive  irradiation  of 
25  shots  vs  the  energy  density  of  75.8  J/cm". 
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Fig. 3  Damaged  microstructure  of  the  LC  Mo  mir¬ 
ror  surface  after  the  repetitive  irradiation  of 
43  shots  vs  the  energy  density  of  68.3  J/cm". 
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ABSTRACT 

The  microwave  absorption  spectrum  of  13CD30H 
has  been  investigated  in  the  frequency  region  18-80 
GHz.  The  a-type  R- branch  transitions  have  been 
measured  for  J=l-0  and  J=2-l  for  the  lowest  three 
torsional  states.  Asymmetry  splittings  were 
observed  for  the  K=l,  A  transitions.  In  addition, 
frequencies  have  been  measured  for  a  substantial 
number  of  b-type  transitions,  including  the  K=l-0 
El  and  K=3-2  A  Q  branches.  The  frequencies  have 
been  fitted  to  a  semi-empirical  torsion-rotation 
model,  and  a-type  and  b-type  parameters  are 
reported.  Stark  effect  measurements  were  made  for 
the  J=l-0  A  and  E  transitions  in  the  three  lowest 
torsional  states,  and  J=3-2  El  in  the  ground 
torsional  state. 


INTRODUCTION 

Methanol,  because  of  the  coincidence  between 
its  C-0  stretch  band  and  the  C02  laser  bands,  is  an 
excellent  source  for  FIR  laser  lines.  Recently, 
Inguscio  et  al.  (1)  reported  strong  laser  emission 
line  at  127  pm  for  13CD30H  when  optically  pumped 
with  the  10P(8)  CO  laser  line.  This  observation 
motivated  the  present  investigation  of  the 
microwave  spectrum  of  this  molecule.  This  study, 
in  addition  to  contributing  to  the  fundamental 
understanding  of  the  torsion-rotation  interactions 
in  methanol,  will  be  helpful  in  the  identification 
of  FIR  emission  lies  of  this  species.  Furthermore, 
the  accurate  measurement  of  the  dipole  moments  will 
be  useful  in  the  understanding  of  relative 
intensities  and  Stark  splittings  of  the  FIR  lines. 

SPECTRUM  OF  l3CD30H 

The  microwave  spectrum  of  13CD30H  was  observed 
on  a  standard  Stark  modulation  spectrometer  (2) 
employing  a  6-ft  K-band  absorption  cell, 
phase-stabilized  microwave  sources,  and  signal 
averaging.  Frequency  measurements  were  made  with  a 
Hewlett-Packard  5340A  frequency  counter,  referenced 
to  an  EFROTOM  5-MHz  rubidium  frequency  standard.  A 
methanol  sample  with  99%  13  C  and  98%  D  was 
obtained  from  MSD  Isotopes.  All  measurements  were 
made  at  room  temperature,  with  pressures  varying 
from  10  to  100  mTorr  as  appropriate  to  optimize 
frequency  accuracy.  The  estimated  accuracy  of 
these  line  measurements  is  ±  100  KHz. 

The  Stark  effect  measurements  were  made  using 
a  parallel  plate  Stark  cell  (3).  For  these 


measurements,  low  pressures  ranging  from  5  to  15 
mTorr  were  used  to  obtain  narrow  lines  of 
approximately  150  KHz  FWHM.  With  the  parallel 
plate  cell.  Stark  components  did  not  broaden 
significantly  up  to  a  maximum  shift  of  30  MHz,  and 
we  were  able  to  measure  the  Stark  shifted 
frequencies  to  accuracies  of  ±  20  KHz  or  better. 

The  a-type  R-branch  transitions  were  measured 
for  J=l-0  and  J=2-l  for  the  lowest  three  torsional 
states.  Also  several  b-type  Q  branches  series  were 
assigned,  including  the  K=l-0  El,  K=l-2  El  and 
K=3-2  A  series.  The  Q  branch  origins  for  these  and 
the  Q-branch  expansion  coefficients  for  the  K=3-2  A 
series  are  given  in  Table  1.  The  frequencies  were 
then  fitted  to  a  semi-empirical  torsion-rotation 
model  (4).  The  molecular  parameters  obtained  from 
the  least  squares  fit  are  given  in  Table  2,  in 
which  the  parameters  shown  in  parentheses  were 
fixed  at  their  estimated  values.  In  general,  the 
parameters  in  Table  2  are  in  excellent  agreement 
with  the  values  calculated  by  I.  Mukhopadhyay  et 
al.  (5).  Asymmetry  splitting  parameters  were 
determined  also  for  A  levels,  and  are  given  in 
Table  3. 

The  transitions  in  the  Stark  effect  study 
include  J=l-0  A-E  pairs  and  J=3-2  El  for  the  ground 
torsional  state,  and  J=l-0  A-E  pairs  for  the  V=1 
and  2  torsional  states.  For  each  transition,  first 
and  second  order  Stark  coefficients  were  determined 
by  least  squares,  ar—  are  given  in  Table  4. 
Analysis  of  the  results  to  determine  accurate 
dipole  moment  components  is  in  progress. 
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TABLE  1 

Q-Branch  Origins  (MHz) 

TS  K'  K'  obs.  Assy.  Shift  Corrected 

El  1  0  79703.500  0.833  79704.333 

El  1  2  75896.57  5.165  75901.74 

A  3  2  19052.782  33.073  19085.855 

K=3-2  Q-Branch  Expansion 

Q(J)  =  vq  +  aJ(J+l)  +  BJ2(J+l)2  +  CJ3(J+l)3 

v  =  19052.782  a  =  2.84067 

o 

b  =  0.036432  c  =  4.25539  x  IQ'7 


TABLE  2 

13CD3OH  Molecular  Parameters 
a-Type  b-Type 


(B+C)/2  = 

19270.28(7)  I 

ai 

ss 

(0.75526) 

F  = 

V 

-54.09(8)  I 

a2 

= 

6.39073 

G  = 

V 

-2.270(7)  V3 

= 

369.67 

L  = 

V 

0.31(2)  V6 

= 

(-2.27) 

dj  = 

0.027(6)  Dk 

= 

(0.2998) 

djk  = 

0.20(3)  k3 

= 

(0.05996) 

B-C  = 

556.35  kj 

= 

(-18.947) 

Dab  = 

-89.34  k3 

= 

(-90.747) 

Ib  = 

25.8525  k„ 

= 

(-281.98) 

Ic  = 

26.6092  k5 

= 

(288.16) 

^b- 

-0.1182  k6 

= 

(243.91) 

6  = 
V 

496.79  k. 

= 

(0.0) 

TABLE  3 

C13D3OH  Asymmetry  Splitting  Parameters 


TABLE  4 

Stark  Coefficients 


n 

TS 

Observed 

Frequency 

(MHz) 

A 

10' 5MHz/(V/cm)2' 

0 

lo*0o 

A 

38485.298 

4.4158±.0030 

0 

lo*00 

E 

38488.523 

4.3969+.0027 

0 

2^3o 

e2 

35399.951 

12.366  ±.0091* 

1 

lo^Oo 

A 

38403.600 

4.1210+.0029 

1 

i0^o0 

E 

38392.746 

5.0073±.0030 

Av  =  AE2 .  Indicated  errors  correspond  to  a  90% 
confidence  interval  approximately  4  standard 
deviations.  *The  splitting  of  this  state  is  fitted 
by  Av  =  CME  +  (A+BM2)E2  with  B  and  C  found  to  be 
B  =  (1.657  ±  .195)  x  I0's  MHz/(V/cm)2  and 
C  =  .26867  +  (9xl0-s)MHz/(V/cm). 


n  K  S(MHz)  T(MHz) 

0  1  248.397 

0  2  .053498  1.4993  x  10*6 

0  3  3.644  x  10‘5  4.662  x  10‘8 

1  1  22.351 


2  1 


59.153 
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A  BROADBAND  GYRO-TWTA  EXPERIMENT* 


S.  Y.  Park+,  R.  H.  Kyser++,  C.  M.  Annstrong,  A.  K.  Ganguly  and  R.  K.  Parker 


Naval  Research  Laboratory 
Code  6840 

Washington,  DC  20375 


ABSTRACT 

A  tapered  reflection-type  gyrotron  amplifier(33kV, 
1.2A)  has  been  designed  and  built.  The  amplifier 
incorporates  precise  axial  tapering  of  both  the  magnetic 
field  and  the  interaction  circuit  for  stable  broadband 
operation(27-34  GHz).  Cold  test  results  show  that  the  tube 
presents  an  excellent  RF  match  over  the  entire  operating 
band.  This  device  will  be  used  to  explore  the  performance 
characteristics  of  low  voltage  operation. 

INTRODUCTION 

The  Electronics  Science  &  Technology  Division  of 
the  Naval  Research  Laboratory  is  actively  investigating 
the  potential  of  gyrotron  TWT  amplifiers  for  high  power 
broadband  mm-wave  applications.  Since  the  gyrotron 
amplifier  does  not  require  a  slow  wave  interaction 
structure  its  power  handling  capability  at  mm-wave 
frequencies  is  greatly  enhanced  over  its  conventional 
slow  wave  counterpart.  The  intrinsic  bandwidth  of  the 
gyrotron  amplifier  however  is  small  and  must  be 

broadened  to  be  attractive  for  many  applications.  The 
approach  taken  in  this  program  is  to  taper  both  the 

interaction  circuit  and  the  magnetic  field  profile  to 

maintain  the  resonance  interaction  over  a  wide 

frequency  ranged1)  For  moderate  voltage 
operation(30kV)  the  cyclotron  resonance  interaction 
occurs  very  near  the  local  cutoff  point  of  the  circuit 
where  the  interaction  impedance  is  strong  and  relatively 
insensitive  to  beam  velocity  spread.  The  main 

disadvantage  of  operating  near  cutoff  however  is  the 
onset  of  spurious  oscillations  due  to  the  absolute 
instability.  The  key  issue  therefore  facing  the  successful 
development  of  efficient  low  voltage  fast  wave  gyrotron 
amplifiers  is  amplifier  stability. 

The  approach  taken  in  this  study  employs  careful 

control  of  the  circuit,  magnetic  field  and  beam 
parameters  for  stable  low  voltage  operation.  For 

broadband  low  voltage  operation  in  the  fundamental 

waveguide  modcTEio  and  at  the  fundamental  cyclotron 
frequency  the  cyclotron  beam  line  is  extremely  close  to 
cutoff  over  the  entire  operating  frequency  band.  Small 
imperfections  in  the  circuit  taper  and/or  the  magnetic 
field  profile  therefore  can  result  in  the  onset  of 
oscillations  near  cutoff.  Similarity  the  interaction  circuit 
must  present  an  excellent  RF  match  across  the  band  to 
avoid  cavity  mode  oscillations.  A  previous  experiment 

conducted  with  a  tapered  circuit  having  a  constant  aspect 
ratio  exhibited  a  large  return  loss  at  the  high  frequency 
end  of  the  band.  This  anomalously  high  return  loss  was 
attributed  to  mode  coupling  between  the  TEjo  and  TEo  1 

modes.  In  the  tapered  guide  the  TEjo  and  TEoi  modes  are 

no  longer  perfectly  orthogonal  and  mode  coupling  and 
subsequent  trapping  of  the  unwanted  TEoi  mode  in  the 
output  circuit/transition  region  can  occur.  This  problem 
has  been  eliminated  in  the  present  experiment  by 
employing  a  interaction  circuit  which  only  supports  the 


TEio  mode  over  the  operating  frequency  band. 

Stable  amplifier  operation  near  cutoff  requires 
careful  balancing  of  the  magnetic  field  detuning 
parameter  and  the  electron  beam  alpha,  i.e.  the 
perpendicular  to  axial  velocity  ratio  .  A  previous  gyro- 
twt  study (2)  demonstrated  over  20  dB  stable  small  signal 
gain  using  an  electron  beam  with  a  relatively  low  alpha 
of  around  0.5.  For  an  alpha  this  small,  however,  the 
eficiency  is  expected  to  be  only  a  few  percent.  The 
purpose  of  this  study  is  to  optimize  the  system  parameters 
to  maximize  the  efficiency.  The  extensive  experimental 
database  on  the  electron  beam  alpha  values  developed  in 
a  previous  gyro-BWO(3)  experiment  will  be  of 
considerable  assistance  in  this  task. 


EXPERIMENTAL  SETUP 

The  schematic  of  the  experimental  device  is  shown 
in  Fig.l.  A  MIG-type  electron  gun,  operating  at  a 
relatively  low  voltage  (  nominal  voltage  33  KV  and 
current  1.2  A)  is  used  to  produce  a  small  annular 
gyrating  beam  of  alpha  value  (v*  /m,  )  1.5  and  axial 
velocity  spread  (« vM  /v« )  5  %.  A  specially  designed  lossy 
section  consisting  of  interspaced  Ceralloy  and  SS-304 
discs  is  provided  to  suppress  oscillations  in  the  beam 
tunnel.  A  sapphire  window  is  located  in  the  back  of  the 
gun  to  detect  the  presence  of  oscillations  in  the  gun  or 
beam  tunnel  regions. 

The  interaction  circuit  is  a  simple  rectangular 
waveguide  whose  broad  wall  is  linearly  tapered  from 
240"x.l40"  to  .150"x.l40"  over  a  length  of  20.5”.  The  cutoff 
frequency  of  the  TEio-ntode  thus  varies  continously  from 
24.6  GHz  to  39.4  GHz.  The  height  of  the  circuit  is  held 
constant  so  that  the  circuit  only  supports  the  TE]0  mode 
over  the  27-37  GHz  operating  band.  The  degree  of  the 
tapering  is  made  much  larger  than  the  previous  tube  to 
improve  the  stability.  A  4"  long  tap  red  transition 
section  connects  the  interaction  circuit  to  standard  Ka- 
band  output  waveguide.  Both  the  circuit  and  the 
transition  sections  are  made  of  two  pieces  joined  together 
along  the  center  line  of  the  E-planc.  Each  halves  were 
machined  out  of  solid  OFHC  copper  rods  with  an  accuracy 
within  .0005"  over  the  entire  length.  A  thin  mica  sheet 
(.0008"  thick)  is  used  for  the  RF  output  window.  The 
return  loss  characteristics  of  the  completely  assembled 
tube  is  shown  in  Fig.  1.  There  is  no  evidence  of  any 

trapped  mode  and  the  -2  dB  return  loss  is  comparable  to 

that  obtained  using  a  similar  length  section  of  standard 
Ka  band  waveguide. 

As  shown  in  Fig.  2  the  amplifier  is  a  single  port 
reflection-type  device.  A  high  power  isolator  serves  to 
protect  the  1-20W  drive  chain  from  the  amplifier  ouput 
signal.  Power  and  frequency  measurements  are  made 
using  directional  couplers  and  calibrated  Ka-band 

components.  The  magnetic  field  is  provided  by  a 

superconducting  magnet  consisting  of  14  individually 
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controllable  magnet  coils.  A  synthesizer  code  is  used  to 
determine  the  coil  currents  required  for  the  desired 
magnetic  field  profile.  The  magnetic  field  profile  is 
measured  to  an  accuracy  of  0.1%. 

EXPERIMENT 

The  tube  is  currently  being  prepared  for 
installation  in  the  experimental  test  stand.  The  initial 
studies  will  be  used  to  map  out  the  regimes  of  stable 
operation  of  the  device.  The  dependence  of  the  start 
oscillation  current  on  electron  beam  alpha  and  on  the 
magnetic  field  detuning  parameter  will  be  detailed.  The 
stability  map  will  then  be  used  to  optimize  the  small 
signal  gain  of  the  amplifier  at  full  beam  current(1.2A) 
operation.  Large  signal  characterization  of  the  amplifier 
and  subsequent  device  optimization  will  follow. 

DISCUSSION 

This  experiment  is  designed  to  evaluate  the  potential 
of  the  tapered  gyrotron  amplifier  approach  for 
producing  broadband  high  power  mm-wave  radiation. 


The  fundamental  obstacle  facing  efficient  low  voltage 
fast  wave  operation  remains  amplifier  stability.  The 
present  experiment  has  been  designed  to  explore  the 
basic  stability  limits  imposed  by  the  absolute  instability 
near  cutoff. 
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Figure  1;  Return  loss  characteristics  of  assembled  tube. 


Figure  2; 


Schematic  of  experimental  setup. 
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HIGH  CURRENT  DENSITY  CATHODES  FOR  MICROWAVE  TUBES 
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635  Slaters  Lane,  Suite  G-101,  Alexandria,  Va.  22314 
and 

P.E.  Oettinger 

Thermo  Electron  Technologies  Corporation 
74  West  Street,  Waltham  MA  02254-9046 


There  has  been  a  recent  resurgence  in  the  research  and  develop¬ 
ment  of  high  power  microwave  sources,  spurred  by  the  growth  of 
pulse  power  technology,  wherein  advances  in  energy  storage  and 
pulse  forming  have  made  possible  the  generation  of  electron 
beams  with  peak  powers  over  4  Terawatts.  These  beams  can 
generate  microwaves  and  millimeter  waves  with  impressive  in¬ 
tensity  over  a  wide  frequency  range.  Unfortunately,  these  high 
peak  powers  have  been  achieved,  with  few  exceptions,  with  pulse 
lengths  less  than  100  ns,  and,  therefore  low  energy  content. 
Moreover,  the  pulse  repetition  rate  has  been  very  low,  with  a 
measured  peak  of  approximately  50  Hz.  Such  limitations  in  pulse 
length  and  repetition  rate  have  been  due  to  the  characteristics  of 
the  accelerators  and  the  nature  of  the  cathode  sources  of  the 
electron  beams.  However,  lately,  significant  advances  have  been 
made  in  accelerator  technology  allowing  the  generation  of  pulses 
with  microsecond  pulse  lengths  and  peak  powers  of  10  GW. 

Advances  in  cathode  development  have  been  less  substantial. 
Field  emission  cathodes  are  used  in  almost  all  the  high  peak  power 
accelerators.  These  cathodes  provide  current  densities  well  over 
1  kA/cin2,  much  higher  than  can  be  obtained  with  the  thermionic 
emitters  used  in  conventional,  lower  power  microwave  tubes. 
However,  field  emission  cathodes  operate  via  the  formation  of  a 
plasma  at  the  cathode  surface,  which  limits  both  the  pulse  length 
and  pulse  repetition  frequency. 

In  contrast,  for  barium  oxide  or  dispenser  cathodes,  there  is  no 
limit  on  the  pulse  length  or  prf,  since  the  emission  is  continuous. 
However,  the  DC  current  density  generated  from  such  cathodes 
is  nominally  below  14  A/cm 2  Higher  densities  have  been 
achieved,  but  at  the  expense  of  cathode  lifetime.fi]  Of  course, 
beam  current  densities  can  be  increased  by  compressing  the  beam. 
However,  compression  causes  an  increase  in  the  perpendicular 
"temperature"  of  a  beam,  a  direct  consequence  of  the  conserva¬ 
tion  of  phase  space  (Liouville’s  theorem.)  This  transverse  velocity 
spread  can  cause  a  significant  drop  in  the  performance  of  several 
types  of  microwave  tubes,  such  as  free  electron  masers  (FEM), 
cyclotron  autoresonance  masers  (CARM),  and  relativistic  back¬ 
ward  wave  oscillators  (BWO). 

Because  of  the  above,  there  has  been  a  great  deal  of  interest  in 
high  pulse-current  emitters.  In  particular,  photoemissive  cathodes 
such  as  Cs3Sb  have  been  used  to  produce  beams  with  600  A/cnr 
[2].  Driven  by  a  pulsed  laser,  these  types  of  cathodes  have  been 
used  to  produce  pulse  lengths  of  10’s  of  picoseconds,  and  calcula¬ 
tions  based  on  thermal  considerations  indicate  that  pulse  lengths 
over  100  microseconds  with  duty  cycles  over  1%  are  possible. 
However,  in  even  carefully  prepared  tube  environments,  the 
lifetime  of  such  cathodes  has  been  on  the  order  of  hours.[2] 
Photoemitters  which  are  more  robust  have  been  examined,  but 
have  been  found  to  have  substantially  lower  quantum  efficiencies 


and  require  short  wavelength  laser-drivers.  The  characteristics  of 
several  emitters  are  summarized  in  Table  1. 


Figure  1.  Parallel  velocity  spread  vs  area  compression. 

For  a  Pierce  gun  with  V=700  kV,  1=50  A,  and  beam  radius  of  2.2 
mm. 


Figure  2.  Schematic  of  the  700  kV  Pierce  gun,  showing 
laser  irradiation  of  the  cathode. 

An  alternative  approach,  recently  studied,  is  the  use  of  pulse  laser 
driven  thermionic  emitters.  In  this  approach,  the  cathode  is  heated 
to  the  high  temperature  required  for  the  emission  of  densities  of 
several  hundred  A/cm2  only  during  the  pulse(s).  This  avoids  the 
high  average  barium  loss  which  would  unacceptably  reduce  the 
lifetime  with  continuous  heating.  For  example,  200  A/cm2,  requir¬ 
ing  a  temperature  of  approximately  1700  degrees  K,  could  be 
produced  with  a  10%  duty  factor  while  maintaining  a  barium  loss 
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(and  lifetime)  equivalent  to  that  with  20  A/cm  via  continuous 
heating. 

A  survey  of  the  beam  requirements  for  various  pulsed  high  power 
microwave  devices  is  summarized  in  Table  2.  Two  classes  of  in¬ 
terest  for  application  of  high  current  density  cathodes  emerge:  (1) 
those  that  require  moderately  high  beam  current  densities,  but  also 
very  low  velocity  spread;  (2)  those  requiring  very  high  beam  cur¬ 
rent  densities,  but  with  moderate  velocity  spread  requirements. 
The  FEM  and  CARM  fall  into  the  first  category,  while  the  BWO 
and  REDITRON  are  characteristic  of  the  second. 

As  an  illustration  of  the  use  of  a  laser  driven  thermionic 
cathode,  a  design  was  realized  for  a  gun  to  produce  a  beam  for  a 
CARM  being  developed  at  MIT.[3]  For  this  device,  the  beam  is 
to  be  formed  by  a  Pierce  gun,  followed  by  a  helical  wiggler  to 
give  the  beam  the  perpendicular  motion  required  in  the  CARM 
interaction.  The  velocity  spread  at  the  output  of  the  wiggler  is  re¬ 
lated  to  the  emittance  en  of  the  beam  produced  by  the  Pierce  gun 
by  (Avz/vz)f  =  1.25  en  (p  cm-rad)  [3].  For  monoenergetic  beam, 
(Avz/v/)p  =  0.5(£n/ypr)  .  The  beam  voltage  is  700  kV,  with  a  cur¬ 
rent  of  50  A.  The  radius  at  the  input  to  the  wiggler  is  2.2  mm.  The 
final  value  of  the  spread  must  be  lower  than  1%  in  order  to  avoid 
a  significant  degradation  of  the  efficiency.  Thus,  velocity  spread 
in  the  beam  from  the  pierce  gun  must  be  less  than  0.014%.  (en  = 
40  mm-mrad).  A  series  of  simulations  was  performed  using  EGN, 
by  W.  Herrmannsfeldt.  The  velocity  spread  at  the  output  of  the 
gun  as  a  function  of  area  compression  is  plotted  in  Figure  1.  As 


can  be  seen,  a  compression  of  less  than  approximately  3  is  required 
to  realize  the  required  velocity  spread.  This  implies  a  cathode  cur¬ 
rent  density  of  -100  A/cm2.  A  current  density  of  10  A/cm2,  typi¬ 
cal  of  a  space  charge  limited  continuously  heated  cathode,  would 
require  a  compression  of  32,  resulting  in  a  velocity  spread  an  order 
of  magnitude  higher  than  required.  That  our  results  are  not  simp¬ 
ly  the  result  of  poor  optics  is  confirmed  by  the  results  of  a  design, 
confirmed  by  measurement,  for  a  Pierce  gun  for  an  NRL  FEM, [4] 
noted  on  the  figure. 

To  raise  the  dispenser  cathode  to  the  required  1700  deg  K,  from 
an  idle  temperature  of  1400  deg  K  in  1  microsecond,  approximate¬ 
ly  2  MW  of  laser  power  is  required.  The  laser  wavelength  in  not 
critical,  and  this  power  can  easily  be  obtained  with  a  commercial¬ 
ly  available  laser.  A  schematic  of  the  gun  is  shown  in  Figure  2. 

This  work  was  supported  by  the  U.S.  Army,  ET  and  D  Laboratory. 
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Table  1  Beam  Requirements  for  Microwave  Tubes 


Tube 

Freq 

Voltage  Current  Perve- 

Current 

Velocity 

Radius 

Pulse 

ance 

Density 

Spread 

Width 

(GHz) 

(kV) 

(A)  (ppervs) 

(kA/cm2) 

(%) 

(cm) 

(PS) 

Gyroklystron 

10 

500 

160 

0.5 

0.08 

8 

0.8x0.4 

sp 

Gyromonotron 

60-300 

80 

50 

2.2 

0.6 

10 

1.2x0.034 

cw 

35 

800 

600 

0.8 

1.1 

1. 2x0.2 

sp 

CARM 

140 

700 

50 

0.09 

1 

.5* 

0.12 

sp 

100 

600 

200 

0.4 

0.5 

-  1 

0.6x0. 1 

sp 

FEL  (FEM) 

35 

250 

100 

0.8 

0.2 

0.3 

0.4 

sp/cw 

35 

3500 

700 

0.1 

Relativistic  BWO 

10 

750 

3300 

5 

a 

10+ 

0.6 

sp 

*  at  output  of  helix  A  much  lower  spread  is  required  at  the  input  of  the  helix  (see  text.) 
Table  2  Summary  of  Cathode  Characteristics 


Cathode  Material  Type  Max  Current++  Max  Pulse+  Max+  Laser  Required  Vacuum 


Density 

(A/cmj 

Length 

(ps) 

Duty 

P 

(W/A) 

X 

(nm) 

Required 

(Torr) 

Cs3Sb 

Photo 

'00 

300 

0.02 

60 

300-500 

10'9 

GaAs(Cs.O) 

Photo 

60 

1000 

0.15 

10 

400-900 

10'10 

Metal  (Au;Cu) 

Photo 

-500 

10 

10’5 

~106 

<200 

-lO-6 

LaB6 

Photo 

50 

-5 

.01 

-103 

<350 

~10'7 

Dispenser 

Thermionic 

200 

NA 

0.1 

-106’ 

NA 

-IQ’7 

++ Achieved  to  date.  +  Pulse  length  and  duty  cycle  calulated  for  200  A/cm2. 
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A  MON-ADIABATIC  ELECTRON  GUN  FOR  GYROTRONS 


B.  Piosczyk 

Kernforschungszentrum  Karlsruhe 
Institut  fur  Technische  Riysik 
Postfach  36  40,  D-7500  Karlsruhe  1 
Federal  Republic  of  Germany 


Introduction 

The  hollow  electron  beams  in  gyrotrons  are  nor¬ 
mally  generated  in  magnetron  injection  type  (MIG) 
guns1.  In  these  guns  the  transverse  velocity  of 
the  electrons  is  mainly  determined  by  the 
Ex§-drift  at  the  emitter.  Non-adiabatic  effects 
during  the  acceleration  do  not  give  a  major  con¬ 
tribution.  Several  properties  of  the  electron 
beam,  such  as  the  sensitivity  to  space  charge  ef¬ 
fects  and  to  conditions  of  the  emitter  surface, 
are  related  to  this  kind  of  extraction. 

In  the  following  a  non-adiabatic  (NA)  type  of  an 
electron  gun  suitable  for  gyrotron  application  is 
presented.  In  contrast  to  MIG-guns  the  electrons 
are  extracted  parallel  to  the  magnetic  field  in  a 
manner  similar  to  that  described  in  Ref.  2.  The 
electrons  gain  their  transverse  velocity  as  a  re¬ 
sult  of  non-adiabatic  effects  during  acceleration 
in  a  strong  inhomogeneous  electric  field  around 
the  modulation  anode.  The  extraction  of  the 
electrons  parallel  to  the  magnetic  field  results 
in  several  advantages  of  the  NA-gun,  which  will 
be  discussed  later. 

Geometrical  arrangement  and  operation 

The  geometrical  dimensions  as  well  as  the  mag¬ 
netic  field  B  =0.118T  around  the  emitter  have 
been  chosen  in  Srder  to  fulfill  the  requirements 
for  a  140GHz  gyrotron  operated  in  a  TEQ3-mode 
with  an  electron  beam  at  the  second  radial  field 
maximum.  To  avoid  high  voltage  problems  the  max¬ 
imum  electric  field  at  the  electrode  surface  was 
limited  to  about  50kv/cm.  Fig.l  gives  a  schematic 
layout  of  the  geometrical  arrangement  of  the 
NA-gun.  In  addition  to  the  shape  of  the  elec¬ 
trodes  the  electron  trajectories  and  potential 
lines  are  shown.  The  voltage  U,  between  the 
cathode  and  the  modulation  anode  ana1  U  between 
the  cathode  and  the  anode  are  30kV  and  70kV  re¬ 
spectively.  The  magnetic  field  increases  within 
the  acceleration  up  to  B  =0.218T  at  the  end  of 
the  gun.  The  emitting  surface  consists  of  a  con- 
centrical  ring  placed  around  a  cathode  finger. 
The  modulation  anode  is  a  disc  with  a  spherical 
aperture.  In  order  to  create  a  region  with  a 
strong  inhomogeneous  electric  field  the  modula¬ 
tion  anode  is  positioned  around  the  end  of  the 
cathode  finger.  The  anode  consists  of  a  spherical 
aperture  in  front  of  the  modulation  anode. 

At  the  emitter  surface  the  electrons  are  ex¬ 
tract  ed  parallel  to  the  magnetic  field.  In  the 
region  of  the  modulation  anode  the  electric  field 
varies  strongly  over  distances  which  are  short 
compared  with  the  longitudinal  Larmor  period 
1  =p./(eB)  with  p3  being  the  longitudinal 
rronentum  of  the  electrons.  Therefore,  the  elec¬ 
tron  motion  becomes  non-adiabatic  and  the  elec¬ 
trons  acquire  a  transverse  momentum  pfc.  The  motion 


in  the  adjacent  acceleration  region  between  the 
modulation  anode  and  the  anode  as  well  as  in  the 
magnetic  compression  region  is  adiabatic  with 
PtVB  being  a  constant  of  motion. 

Numerical  results 


An  extensive  numerical  parameter  studies  has  been 
done  using  the  SIAC-code  .  The  results  are  sum¬ 
marized  in  the  following: 

-  the  transverse  velocity  p.  is  roughly  pro¬ 
portional  to  the  square  or  the  voltage  U. 
between  the  cathode  and  the  modulation  anoSe? 

4~(umod)f 

-  tne^  electron  current  is  suppressed  when  the 
potential  of  the  modulation  anode  is  2kV  or  more 
negative  than  the  cathode  potential; 

-  the  electron  flow  is  laminar; 

-  for  a  given  value  B  of  the  magnetic  field 
at  the  emitter  surface  the6  beam  properties  are 
not  sensitive  to  a  variation  of  the  magnetic 
field  within  the  acceleration  region; 

-  for  a  given  value  B  of  the  magnetic  field 
at  the  resonator  the  trtnverse  velocity  decreases 
with  increasing  magnetic  field  at  the  emitter  ac¬ 
cording  to  /3«B  ~  .  This  strong  decrease  of 
p.  with  the  field  B  requires  relatively  lew 
magnetic  fields  at  the  emitter  (B  <0.15T)  cor¬ 
responding  to  high  magnetic  compression  ratios 
b=B/BG; 

-  j5y  varying  the  geometrical  dimensions  a  very 
lew  velocity  spread  (<0.3%,  standard  deviation) 
has  been  achieved  numerically; 

-  the  amount  of  the  anode  voltage  U  has  near¬ 
ly  no  influence  on  the  transverse  momentum  pfc 
of  the  electrons; 

-  Influence  of  space  charge: 

Space  charge  effects  around  extraction  do  not  in¬ 
fluence  the  beam  properties  thus  allowing  an  op¬ 
eration  over  the  full  range  fran  zero  current  up 
to  the  space  charge  limited  case.  Fig.  2  shows  the 
numerical  results,  p.  is  the  transverse  velo¬ 
city  at  the  end  of  The  gun,  Ssp^/p.  is  the 
relative  spread  of  the  transverse'velocity  and 
E  the  electric  field  at  the  emitter  surface, 
j  and  I  are  the  current  density  at  the 
emitter  and  the  total  emitted  current.  The  trans¬ 
verse  velocity  and  the  velocity  spread  are  nearly 
not  influenced  by  the  emitted  current  from  zero 
current  up  to  the  space  charge  limited  case 
(E,-0). 

-  Influence  of  the  emitting  surface  conditions: 

As  discussed  in  Ref. 4  the  temperature  and  espe¬ 
cially  the  roughness  of  the  emitter  surface  may 


have  a  significant  influence  on  the  velocity 
spread  of  the  electron  beam  in  MIG-guns.  The  ve¬ 
locity  spread  within  the  electron  beam  limits  the 
maximum  adiievable  velocity  ratio  a=p^jp, 
inside  the  interaction  region.  In  order  to  inves¬ 
tigate  the  velocity  spread  the  trajectories  of 
electrons  leaving  the  emitter  surface  at  an  angle 
of  45*  with  an  energy  W  has  been  calculated  in 
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addition  to  the  trajectories  of  electrons  leaving 
the  emitter  in  the  normal  direction  with  an  ener¬ 
gy  of  O.leV.  Fig. 3  gives  the  results  of  the  nu¬ 
merical  simulation.  |  Ap^/p.\  is  the  relative 
deviation  of  the  transverse  velocity  at  the 
resonator  between  the  electrons  with  different 
starting  conditions.  In  that  figure  |  Apjp.  \ 
represents  the  total  value  and  not  the  standard 
deviation.  The  MIG-gun  used  for  comparison  has 
been  designed  and  built  for  a  140GHz  gyrotron 
which  is  now  under  test.  The  results  in  Fig. 3 
shew  that  for  the  same  conditions  the  velocity 
spread  at  the  NA-gun  is  by  a  factor  of  about  3 
less  than  at  the  MIG-gun.  The  starting  energy 
W  is  caused  either  by  temperature  effects  or 
by  surface  roughness4  of  the  emitter.  For  a  gi¬ 
ven  roughness  the  corresponding  W  is  propor¬ 
tional  to  the  electric  field  E  It  the  emitter 
surface.  A  numerical  calculation  for  a  cave- 
shaped  roughness  with  an  height  hfl  and  an 
opening  angle  of  50*  resulted  in  au  starting 
energy  W  5s6hQeE  .  However,  at  the  NA-gun 
the  surface  electric  field  E  is  by  a  factor  of 
about  10  lower  than  for  a  MIG-gun.  This  causes  a 
corresponding  lower  influence  of  the  roughness  on 
velocity  spread. 


Sunuary 

The  NA-gun  has  several  interesting  features  for 
an  application  in  gyrotrons.  In  comparison  with 
MIG-guns  the  main  advantages  are  seen  in  the  pos¬ 
sibility  of  operation  over  the  full  current  range 
and  in  the  reduced  influence  of  the  emitter  sur¬ 
face  roughness  on  the  velocity  spread.  A  low  ve¬ 
locity  spread  is  a  necessary  condition  for  elec¬ 
tron  beams  with  a  high  a.  As  a  consequence  of  the 
perpendicular  arrangement  of  the  emitter  surface 
to  the  magnetic  field  lines  an  enhanced  emitter 
current  density  j  is  needed.  However,  j  may 
be  reduced,  when  a  nigher  compression  ratio  is 
accepted. 
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Fig.l:  Geometrical  arrangement  of  the  NA-gun  with 
electron  trajectories  and  potential  lines. 
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Fig.  3:  The  relative  velocity  spread  (total  value) 
in  dependanoe  of  the  starting  energy  W  under 
45*  for  the  NA-gun  and  a  MIG-gun  . 
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ABSTRACT 

For  this  analysis,  the  gyrotron  is  divided  into  an 
active,  nonlinear  "amplifier"  and  a  passive,  linear 
"resonator"  part.  At  the  interface  between  these 
parts,  voltages  and  currents  may  be  defined  from 
modal  expansion.  Both  the  linear  and  the  nonlinear 
network  are  then  characterized  by  immitance  matrices. 
The  method  is  applied  to  a  sample  gyrotron. 

INTRODUCTION 

A  variety  of  methods  for  the  theoretical  investigation 
of  oscillators  exists  in  literature  (see  e.g.  ill).  These 
methods  concern  locking  phenomena,  stability  analysis, 
and  noise.  In  order  to  apply  them  to  the  gyrotron, 
the  formulation  of  its  theory  in  terms  of  frequency 
dependent  impedances  or  admittances  is  unavoidable. 
Our  frequency  domain  analysis  is  such  a  formulation. 
By  means  of  a  sample  gyrotron  we  present  this 
analysis  in  the  following. 

FIELD  REPRESENTATION 

In  this  model,  the  total  field  in  the  gyrotron  is 
represented  as  an  expansion  in  terms  of  empty  cavity 
modes.  These  modes  will  be  coupled  by  the  electron 
beam,  and  therefore  one  has  to  take  into  account  more 
than  one  of  these  to  represent  the  distortion  of  the 
field  by  the  beam.  But  due  to  the  usually  quite  high 
quality  factors  involved,  the  number  of  modes  might 
be  restricted  to  those  with  eigenfrequencies  near 
cyclotron  resonance.  The  advantage  of  this  approach 
is  that  the  computations  of  cavity  properties  and 
electronic  interaction  are  totally  seperated  from  each 
other.  For  the  latter,  the  electromagnetic  field  appears 
only  in  terms  of  the  known  eigenfunctions  and  some 
complex  amplitudes. 

A  problem  with  the  modal  field  expansion  in  the 
source  region  is  that  the  electric  field  of  each  mode  is 
divergenceless  while  the  total  electric  field  is  not. 


This  can  be  solved  by  not  expanding  0  directly,  but 
the  expression  7x3. 

The  empty  cavity  modes  are  found  numerically  by 
solving  an  eigenvalue  problem  imposed  by  the 
resonator  boundary  conditions.  Due  to  the  seperate 
calculation,  even  complicated  resonator  structures 
(complex  cavities)  are  possible.  The  eigenvector  for  a 
certain  eigenvalue  (complex  frequency)  corresponds  to 
the  field  distribution  of  this  mode. 

FIELD  EXCITATION 

The  excitation  of  a  mode  i  by  the  current  density  3  iB 
described  by  the  coupling  coefficient  cj  =  /?•  3  j  dV, 
where  3j  iB  the  complex  conjugate  of  the  eigenfield  of 
mode  i,  and  the  integration  is  extended  to  the  total 
cavity  volume.  If  the  electric  field  amplitude  of  mode  i 
is  denoted  a;,  the  resonance  behaviour  of  the  cavity 
is  completely  described  by  the  ratios  Yy  =  -cj/aj.  The 
negative  sign  aBBures  that  the  real  part  of  Yj,i 
becomes  poBitiv  when  power  flows  from  the  excitation 
to  the  field,  i.e.  when  Yu  is  passive.  We  call  these 
ratios  Yl  for  load  admittance  because  the  functions 
YLi(o)  resemble  the  admittances  of  parallel  resonance 
circuits.  Carrying  on  this  analogy  lee.ds  to  the  inter¬ 
pretation  of  aj  as  voltages  and  cj  as  currents.  In  our 
normalization,  aj  have  the  dimension  ✓energy',  ci  the 
dimension  ✓energy/time;  hence  the  Yx,i  are  measured 
in  1/time.  The  energy  stored  in  the  electric  field  of 
mode  i  might  now  directly  be  expressed  as  V^lail*, 
the  power  transfer  from  beam  to  field  as  Re(aj  cj ).  If 
aj  and  cj  are  written  in  vector  notation,  all  YLi  appear 
as  the  elements  of  a  diagonal  matrix  Yj> 

With  this  simple  load  admittance  matrix,  the  question 
arises  what  the  device  admittance  is  in  this  model. 
Apart  from  the  frequency  dependence  of  Yd,  essen¬ 
tially  given  by  the  cyclotron  resonance,  we  have  a 
dependence  of  Yd  on  the  amplitudes.  This  is  the 
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primary  effect  of  the  nonlinearity  of  the  equations  of 
motion.  Yq  is  calculated  numerically  for  given  a  and 
amplitude  vector. 

THE  SINGLE  MODE  CASE 

For  the  sake  of  illustration,  we  restrict  ourselves  at 
first  to  the  simplest,  single  mode  case.  Stepping 
through  the  amplitude-frequency-plane,  we  represent 
the  result  as  loci  in  the  complex  Yp-plane.  Fig.  1  was 
calculated  for  a  35-GHz-gyrotron  with  a  6  X  bias 
magnetic  field  taper.  The  o-loci  for  constant 
amplitudes  are  shown  as  solid  lines,  while  the 
amplitude  loci  for  constant  o  are  dashed.  Yq  is 
normalized  to  &>0/Q o  which  is  the  real  part  of  Yl  at 
resonance.  The  frequency  range  shown  is  20  X  in 
steps  of  1  X,  the  amplitude  range  is  36  dB  in  steps  of 
3  dB.  The  outmost  solid  curve  corresponds  to  small 
amplitudes.  At  this  limit,  Yp  becomes  independent  of 
the  amplitude  (linear  regime).  The  curve  is  traced 
clockwise  with  frequency.  From  simple  considerations 
one  finds  that  the  electron  beam  behaves  purely 
inductive  at  the  cyclotron  frequency.  At  higher 
frequencies,  Yd  gets  a  negative  real  part,  and  hence 
can  transfer  power  to  a  real  load.  The  oscillation 
condition,  Yl  +  Yp  =  0,  can  be  illustrated  by  plotting 
the  locus  of  -Yl(»)»  the  load  line,  into  this  same 
diagram.  Thus  stable  oscillations  are  -  roughly 


Fig.  1:  loci  of  the  normalized  gyrotron  device 


speaking  -  given  as  intersections  of  load  and  device 
line. 

Due  to  the  high  resonator  Q,  the  Iocub  of  -Yl  is 
passed  through  very  rapidly  with  frequency  (Im(YL> 
changes  from  -j  to  +j  in  a  frequency  range  of  1/Q). 
Hence,  Yl  determines  essentially  the  oscillation 
frequency.  The  resulting  amplitude  is  read  from  the 
proper  Yd-Iocus. 

THE  MULTIMODE  CASE 

In  the  single  mode  case,  the  state  of  oscillation  is 
thus  determined  quite  easily.  Considering  the  total 
field  composed  of  several  modes,  one  may  start  from 
this  single  (dominant)  mode  solution  in  an  iteration. 
Yl  is  now  written  as  a  diagonal  matrix,  Yp  contains 
off  diagonal  elements  which  represent  the  coupling  of 
modes  due  to  the  beam.  These  exist  even  in  the  limit 
of  small  amplitudes,  and  depend  basically  on  beam 
positioning.  It  should  be  noted  here  that  modes  with 
azimuthal  dependence  exiBt  as  a  pair  of  degenerate 
modes  in  all  rotational  symmetric  cavities. 

The  oscillation  condition  may  now  be  written  in  matrix 
form  as  IYD(a,o)  +  YL(«)J-a  =  0,  where  a  denotes  the 
amplitude  vector.  This  nonlinear  equation  can  have 
more  than  one  stable  solution,  but  if  we  assume  that 
essentially  the  amplitude  of  the  dominant  mode 
determines  Yp,  the  following  algorithm  will  converge 
towards  this  solution.  Starting  from  the  single  mode 
solution,  (ao>  "o),  in  the  n'th  iteration  the  equation 
det  (YD(an_,,on-i)  +  Yl (<■>))  =  0  is  solved  for  complex 
a.  an  is  the  associated  eigenvector,  its  length  being 
determined  by  the  amplitude  of  the  dominant  mode.  It 
is  increased  (decreased)  if  the  imaginary  part  of  u  is 
negative  (positive).  For  the  next  iteration,  un  =  Re(«) 
is  set.  If  this  algorithm  converges,  the  imaginary  part 
of  u  will  lend  to  0. 

ACKNOWLEDGEMENT 

The  authors  would  like  to  thank  the  Deutsche 
Forschungsgemeinschaft  for  financial  support. 

REFERENCES 

tl]  K.  Kurokawa,  "Injection  Locking  of  Microwave 
Solid-State  Oscillators,"  Proc.  IEEE,  vol.61,  1973,  pp. 
1386-1410 


admittance 


426 


EXPERIMENTS  WITH  A  35  GHz 
CYCLOTRON  AUTORESONANCE  MASER  (CARM)  AMPLIFIER 

G.  Bekefi,  A.  DiRienzo,  C.  Leibovitch  and  B.  Danly 


F4.6 


Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  02139  USA 


abstract 

Studies  of  a  cyclotron  autoresonance  maser  (CARM) 
are  presented.  The  measurements  are  carried  out  at  a  fre¬ 
quency  of  35.  GHz  using  a  mildly  relativistic  electron  beam 
of  1.5  MeV  energy  and  a  200  A  current.  The  beam  is  gen¬ 
erated  by  a  field  emission  electron  gun  followed  by  an  emit- 
tance  selector  that  removes  the  outer,  hot  electrons.  The 
entire  system  length  (~2.0  meter),  including  the  field  emis¬ 
sion  gun,  is  immersed  in  a  uniform  solenoidal  guide  field  of 
7  kG.  Perpendicular  energy  is  imparted  to  the  electrons  by 
means  of  a  bifilar  helical  wiggler  having  a  period  of  7  cm 
and  a  length  of  56  cm.  The  cyclotron  radiation  is  generated 
in  a  1  meter  long  wiggler  free  region.  Initial  superradiant 
measurements  give  a  small  signal  gain  of  91  dB/m.  Ex¬ 
periments  are  also  underway  in  which  a  35  GHz,  100  kW 
magnetron  is  used  as  the  driver  for  our  CARM  amplifier. 

INTRODUCTION 

The  cyclotron  autoresonance  maser  (CARM)  has  been 
subjected  to  extensive  theoretical1’2  studies  and  numerical 
simulations.3'4,5  However,  unlike  the  gyrotron  and  the  free 
electron  laser,  its  capabilities  as  a  source  of  coherent  mil¬ 
limeter  wavelength  radiation  remain  virtually  untested  in 
the  laboratory.  To  the  best  of  our  knowledge,  only  CARM 
oscillator  experiments6’7  have  been  reported  in  the  litera¬ 
ture.  We  present  here  what  we  believe  to  be  the  first,  albeit 
preliminary  studies  of  a  CARM  amplifier. 

The  emission  from  a  CARM  results  through  an  inter¬ 
action  between  the  Doppler  upshifted  cyclotron  wave  on 
the  electron  beam 


U°  , 

W  =  —  +  fc||V|| 

and  an  electromagnetic  waveguide  mode 


(1) 


w2  =  fejjc2  +  to2  ;  (2) 

u>  and  fc||  are  the  frequency  and  axial  wavenumber,  respec¬ 
tively;  Do  =  eB||/m  is  the  nonrelalivistic  electron  cyclotron 
frequency  associated  with  an  axial  guide  magnetic  field 
7  -  [l-(u||/c)2  —  (vjl/c)2]-U2  is  the  relativistic  energy  fac¬ 
tor;  and  o»c  is  the  cutoff  frequency  of  the  waveguide  mode  in 
question.  Maximum  gain  of  the  CARM  instability  occurs 
near  phase  velocity  synchronism  of  the  two  waves.  This 
yields  the  radiation  frequency: 

<*> 


Here  /?||  =  v\\/c  ,  7||  =  (1  —  /3|2)-1^2,  and  the  positive  sign 
refers  to  the  sought  after  Doppler  upshifted  CARM  mode 
of  operation. 


EXPERIMENT 

A  schematic  of  the  CARM  amplifier  is  shown  in  Fig.  1. 
The  accelerator  potential  is  supplied  by  a  Marx  generator 
(Physics  International  Pulserad  110A)  with  a  maximum  ca¬ 
pability  of  1.5  MV  and  20  kA.  The  electron  beam  is  gener¬ 
ated  by  a  field  emission  gun  composed  of  a  hemispherical 
graphite  cathode  and  conical  anode,  which  also  acts  as  an 
emittance  selector.  The  entire  two  meter  long  system  is 
immersed  in  a  uniform  solenoidal  magnetic  field  of  7  kG. 
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Fig.  1.  Schematic  of  the  experimental  setup. 

The  260  A,  1.5  MV  beam  that  issues  from  the  emit¬ 
tance  selector  has  a  radius  of  0.254  cm  and  a  n.tasured  nor¬ 
malized  beam  brightness  equal  to  2.4  x  104  A  cm-2rad-2. 
This  corresponds  to  a  normalized  RMS  emittance  of  4.9  x 
10-2cm-rad  and  an  RMS  energy  spread  ^7||/'7||  —  0.019. 
We  note  that  by  sacrificing  current,  considerably  higher 
beam  brightness  is  achieved.  When  the  radius  of  the  emit¬ 
tance  selector  is  reduced  to  0.076  cm,  the  current  drops  to 
8.4  A  but  the  brightness  increases  to  9.5x  104  A  cm"2rad“2. 
The  corresponding  emittance  is  now  4.5  x  10-3  and  the  en¬ 
ergy  spread  ^7||/7||  —  0.0017. 

The  aforementioned  electron  beam  is  injected  into  a 
bifilar  helical  wiggler  which  imparts  perpendicular  energy 
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to  the  electrons.  The  wiggler  has  a  periodicity  of  7cm  and 
is  six  periods  long.  Within  the  first  four  periods,  the  wig¬ 
gler  magnetic  field  increases  slowly  and  thereby  provides  an 
adiabatic  input  for  the  electron  beam;  the  last  two  periods 
provide  a  -niform  wiggler  field  with  an  amplitude  on  axis, 
equal  to  460  G.  The  resulting  tranverse  electron  velocity 
tix  0.3ii||. 

The  downstream  end  of  the  wiggler  is  terminated  abruptly 
by  means  of  a  metal  shorting  ring  and  the  spinning  elec¬ 
trons  are  allowed  to  drift  into  the  86  cm  long  CARM  inter¬ 
action  region  where  they  are  subjected  to  the  uniform  axial 
magnetic  field  only. 


Fig.  2.  Oscilloscope  traces  of  the  voltage, 
current  and  radiation  intensity. 


The  ~2m  long,  0.787  cm  radius  evacuated  drift  tube 
acts  as  a  cylindrical  waveguide  whose  fundamental  TEn 
mode  has  a  cutoff  frequency  wc/2ir  =  11.16  GHz.  Substi¬ 
tuting  this  value  of  wc  in  Eq.  3  together  with  the  remaining 
experimental  parameters  yields  the  desired  35  GHz  radia¬ 
tion  frequency. 

Figure  2  illustrates  the  time  history  of  the  voltage,  cur¬ 
rent  and  radiation  characteristics  of  the  device.  To  date, 
the  CARM  has  been  operated  in  the  superradiant  mode  in 
which  the  signal  is  allowed  to  grow  out  of  background  RF 
noise. 

At  the  output  end  of  the  CARM,  a  mica  window  trans¬ 
mits  the  circularly,  polarized  radiation  generated  in  the 
drift  tube,  where  it  is  measured  by  means  of  standard  cal¬ 
ibrated  crystal  detectors  and  its  spectrum  is  analyzed  by 
means  of  a  98m  long  dispersive  line.  In  order  to  determine 
the  growth  rate  of  the  wave,  the  output  intensity  is  mea¬ 
sured  as  a  function  of  the  length  of  the  interaction  region. 
This  is  accomplished  by  means  of  an  axially  movable  horse¬ 
shoe  “kicker”  magnet  that  deflects  the  electron  beam  into 
the  waveguide  wall  at  any  desired  position  z,  thereby  ter¬ 
minating  the  interaction  at  that  point.  Figure  3  shows  how 
the  RF  power  output  measured  at  the  far  downstream  end 
varies  with  the  “kicker”  magnet  position  z.  The  slope  of 
the  curve  yields  a  single  pass  gain  of  91  dB/m. 


Fig.  3.  Radiation  intensity  as  a  function 
of  the  interaction  length. 

CONCLUSIONS 

We  have  reported  on  the  linear  gain  characteristics  of  a 
35  GHz  CARM  amplifier  giving  a  single  pass,  superradiant 
gain  of  91  dB/m.  We  plan  to  study  the  efficiency  and  non- 
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linear  characteristics  of  the  CARM  amplifier  by  injecting  a 
monochromatic,  circularly  polarized  wave  into  the  system 
from  a  100  kW  magnetron  driver  (see  Fig.  1). 
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ABSTRACT 


High  power,  submillimeter,  second  harmonic  emission 
has  been  achieved  with  a  10  A,  75  kV,  1/x  sec  pulse  elec¬ 
tron  gun.  In  an  iris  cavity  configuration,  using  a  motheye 
window,  second  harmonic  modes  were  observed  at  12  fre¬ 
quencies  in  the  range  301-503  GHz,  with  15  kW  at  417  GHz 
and  4-7  kW  at  9  of  the  other  modes. 

INTRODUCTION 

The  development  of  a  high  power  submillimeter  gy- 
rotron  is  important  for  applicat:  S  as  electron  cy¬ 
clotron  resonance  heating  for  th  t  Ignition  toka- 

mak,  plasma  diagnostics,  radar  as  oscopy.  Gyrotrons 

are  particularly  suited  for  these  applu.  .lions,  since  they  op¬ 
erate  efficiently  in  the  frequency  gap  between  lasers  and 
conventional  microwave  devices. 

The  submillimeter  gyrotron  program  was  established 
to  achieve  single  mode  second  harmonic  submillimeter  emis¬ 
sion  with  an  existing  gun  that  can  emit  up  to  10  A  at  75  kV 
with  2  fiscc  pulse  lengths.  Second  harmonic  operation  re¬ 
quires  a  smaller  magnetic  field  than  the  fundamental.  With 
fundamental  operation,  a  field  of  12  T  is  needed  to  generate 
300  GHz,  while  second  harmonic  operation  requires  only  6 
T.  Present  day  Nb-Ti  superconducting  magnets  with  a  large 
(<  10  cm)  room  temperature  bore  can  produce  up  to  10  T. 

Second  harmonic  modes  are  harder  to  excite  than  the 
fundamental.  Usually  the  fundamental  modes  have  a  lower 
starting  current  than  the  second  harmonic  modes.  There¬ 
fore,  the  fundamental  is  excited  first  and  it  tends  to  sup¬ 
press  the  second  harmonic.  Higher  order  axial  modes  of  the 
fundamental  ( TEmpg ,  q=2,3)  and  other  second  harmonic 
modes  can  also  stifle  the  desired  second  harmonic  mode.  As 
the  design  frequency  increases,  larger  cavities  are  required 
to  reduce  ohmic  losses,  but  this  increases  the  mode  density 
and  further  aggravates  mode  competition  problems.  Mode 
competition  problems  also  arise  from  the  fact  that  our  elec¬ 
tron  beam  is  actually  quite  thick  and  therefore  can  couple 
to  several  different  modes  simultaneously.  When  operating 
at  higher  magnetic  fields  the  beam  is  more  compressed  and 
thicker,  thereby  able  to  couple  to  more  unwanted  modes. 
These  difficulties  were  successfully  overcome  by  using  a  cav¬ 
ity  with  an  output  iris  and  a  motheye  window. 

EXPERIMENTS 

In  the  initial  experiment  a  cavity  with  an  output  iris1 
was  used  with  an  ordinary  quartz  window  to  generate  sec¬ 
ond  harmonic  emission.  Design  parameters  for  the  output 
iris  cavity  are  listed  in  Table  1.  The  output  iris  traps  the 
second  harmonic  more,  due  to  its  shorter  wavelength,  than 
the  fundamental.  This  lowers  the  starting  current  of  the 
second  harmonic  mode  and  facilitates  the  suppression  of 


the  fundamental  by  the  second  harmonic. 

Seven  second  harmonic  modes  were  observed  ranging 
from  301  GHz  to  417  GHz.  At  417  GHz,  15  kW  of  sec¬ 
ond  harmonic,  single  mode  emission  was  generated,  and 
the  other  six  modes  produced  4-7  kW.  As  frequency  in¬ 
creased  the  region  of  excitation  for  the  second  harmonic 
modes  decreased.  The  design  mode  of  the  cavity,  TEiz^ii 
that  oscillates  at  410  GHz  was  not  observed.  Possible  rea¬ 
sons  for  reduced  harmonic  emission  include  mode  competi¬ 
tion,  beam  degradation,  or  beam  thickness.  Degradation  of 
beam  quality  could  be  occurring  at  the  higher  compression 
ratios,  Bm/Bg  (where  Bg  is  the  field  at  the  gun  and  Bm 
is  the  field  at  the  cavity),  experienced  when  operating  at 
higher  magnetic  fields.  Due  to  the  thickness  of  our  electron 
beam,  it  could  have  coupled  strongly  to  the  nearby  funda¬ 
mental  modes,  thereby  lowering  fundamental  mode  start¬ 
ing  currents,  and  enabling  them  to  suppress  the  desired 
second  harmonic  mode.  This  problem  can  be  overcome  in 
two  ways.  A  thinner  beam  or  better  fundamental  mode 
suppression  techniques  must  be  used.  Modifying  our  gun 
to  produce  a  thinner  beam  was  not  possible  so  using  addi¬ 
tional  mode  suppression  devices,  like  a  motheye  window,  is 
preferable. 

The  motheye  window2  only  provides  positive  feedback 
for  the  second  harmonic,  and  using  it  in  the  system  requires 
very  little  system  adjustment.  Reflectivity  of  our  motheye 
window  is  low  (<0.2)  at  frequencies  below  300  GHz  and 
very  high  (>0.8)  above  400  GHz,  with  the  transition  re¬ 
gion  between  300-400  GHz,  so  only  the  diffractive  Q  of  the 
second  harmonic  is  raised  significantly.  Measurement  of  re¬ 
flectivity  as  a  function  of  frequency  was  done  with  a  Fast 
Fourier  spectrometer.  For  the  next  phase  of  this  experiment 
this  window  was  used  successfully  as  a  method  to  suppress 
the  fundamental.  Five  new  second  harmonic  frequencies 
were  observed,  including  the  design  mode,  the 
The  results  are  summarized  in  Table  2,  where  the  observed 
power,  frequency  and  theoretical  modes  are  listed.  With 
more  second  harmonic  modes  being  excited,  one  notices 
the  step  tunable  behavior  in  the  second  harmonic,  similar 
to  that  observed  in  fundamental  megawatt  experiments3 
for  the  fundamental  modes.  When  the  harmonic  is  not 
suppressed  by  a  strong  fundamental  mode,  the  p  =  1,2,3 

(T/Jm.p.s)  sequences  arc  being  excited.  The  highest  second 
harmonic  frequency  attainable  is  no  longer  limited  by  cavity 
design,  but  rather  by  the  transition  region  of  the  window’s 
transmission  characteristic  as  a  function  of  frequency.  At 
higher  fields,  the  fundamental  and  second  harmonic  spec¬ 
trum  become  sparser,  since  beam  compression  is  increasing, 
and  therefore  beam  quality  is  diminished.  Poorer  beam 
quality  means  that  the  ratio  &x!P\\  decreases,  so  less  of 


430 


F4.7 


the  beam  energy  can  couple  to  the  rf-wave.  Also  veloc¬ 
ity  and  energy  spread  increase  in  more  compressed  beams. 
These  effects  raise  the  starting  currents.  However  for  the 
second  harmonic,  this  is  counterbalanced  somewhat  by  the 
increase  of  Qo  due  to  the  motheye  window.  For  example, 
the  7’JB, 7,2,1  mode  at  503  GHz  was  observed,  but  not  un¬ 
til  beam  current  was  increased  to  5-6  A.  The  effects  of  the 
motheye  window  can  also  be  seen  in  Figure  1,  where  the 
regions  of  second  harmonic  have  increased  considerably  at 
higher  frequencies,  which  correspond  to  low  window  trans¬ 
mission  coefficients.  Second  harmonic  modes  with  frequen¬ 
cies  less  than  390  GHz  did  not  have  regions  of  excitation 
bigger  than  that  observed  with  an  ordinary  quartz  window'. 
This  agrees  with  the  measurement  of  transmission  coeffi¬ 
cient  as  a  function  of  frequency,  which  shows  that  the  tran¬ 
sition  region  between  good  and  bad  transmission  is  between 
300-400  GHz. 

Operating  at  second  harmonic  requires  more  sophisti¬ 
cated  diagnostics  than  those  needed  for  the  fundamental. 
One  must  be  able  to  detect  the  harmonic  modes  when  the 
fundamental  is  present,  and  also  estimate  the  fraction  of 
fundamental  present.  Two  custom  made  filter  horns  with 
cutoff  frequencies  of  280  GHz  and  300  GHz  were  used  with 
a  WR-3  video  diode,  to  prevent  that  diode  from  detecting 
fundamental  radiation.  With  this  modified  WR-3  diode 
system  and  a  WR-6  video  diode  to  detect  fundamental  ra¬ 
diation,  the  harmonic  mode  can  be  optimized.  Frequency 
is  measured  with  a  heterodyne  receiver  that  uses  a  Hughes 
harmonic  mixer  diode.  The  filter  horns  are  also  attached 
to  the  mixer  diode  so  that  a  stronger  fundamental  signal 
will  not  swamp  the  system.  Power  is  measured  by  a  Sci- 
entech  calorimeter  4.  Second  harmonic  measurements  w'erc 
taken,  with  and  without  a  1.27  cm  thick  sheet  of  plexiglass 
in  front  of  the  calorimeter.  Since  the  sheet  of  plexiglass 
is  a  calibrated  low  pass  filter,  the  fraction  of  second  har¬ 
monic  radiation  can  be  estimated.  For  example,  when  the 
measurement  at  417  GHz  was  taken,  15  kW  of  power  was 
measured  without  the  plexiglass  sheet.  With  the  plexiglass 
sheet  in  front  of  the  calorimeter  minimal  power  was  mea¬ 
sured,  indicating  that  virtually  all  the  power  was  in  second 
harmonic  emission.  Also  during  this  measurement,  even 
with  a  WR-G  horn  on  the  mixer  diode  (which  will  allow 

tin  mixer  to  detect  fundamental  radiation),  no  other  fre¬ 
quencies  were  found,  so  one  concludes  that  to  the  accuracy 
of  the  calorimeter,  single  mode  harmonic  emission  was  ob¬ 
served.  In  the  frequencies  above  390  GHz  the  harmonic 
modes  tended  to  be  pure  second  harmonic  emission,  while 
the  lower  frequency  modes  tends  to  have  varying  amounts 
of  fundamental  mixed  in. 
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TABLE  1 

OUTPUT  IRIS  CAVITY  DESIGN  PARAMETERS 
Second  Harmonic 

Frequency =*110  GHz  Qr-3800 

Pow er  -  100  k\V  rjr~  1 8% 

Cavity  Radius=0.232  cm  Beam  Current  ~9  Amps 

Magnetic  Ficld~8.3  Tesla 

TABLE  2 


Second  harmonic  emission  observed 
in  the  output  iris  cavity 


Frequency 

(GHz) 

Magnetic  Field 

(T) 

Power 

(k\V) 

Probable 

Mode 

301.6 

6.1 

4 

TEW 

329.6 

6.7 

5 

T/?nt),i 

339.3 

6.9 

4 

TE  io.j.i 

363  3 

7.4 

7 

TEnX, 

366.9 

7.4 

4 

TE,,., 

372.6 

7.6 

3 

TE„,,,, 

392.5 

7.8 

4 

TE,,,. , 

4106 

8.2 

1 

TE,,.,., 

417.1 

8.4 

15 

TE,0.,., 

457.1 

9.1 

7 

7'£is,j.i 

467.2 

9.3 

6 

TBitjM 

503.3 

10.0 

1 

TE, 

Figure  1 

Regions  of  emission  using  the  output  iris  cavity  with  the 
motheye  window.  Shaded  regions  correspond  to  second  harmonic  modes 
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ABSTRACT 

We  present  here  the  results -of  a  non-linear  numerical 
investigation  of  a  high-harmonic  gyro-peniotron  oscillator 
design  which  uses  a  slotted  cylindrical  magnetron-type  cav¬ 
ity.  Our  modeling  shows  that  very  high  efficiency  (  £  60%) 
can  be  achieved  at  high  harmonics  (s  >  3),  and  that  the 
operation  current  can  be  dramatically  reduced  by  the  addi¬ 
tion  of  slots.  We  find  that  the  start  oscillation  current  may 
decrease  with  harmonic  number  in  a  slotted  device,  unlike 
the  smooth  walled  gyrotron  where  start  oscillation  current 
always  increases  with  increasing  harmonic  number.  This 
greatly  favors  the  use  of  a  slotted  cavity  for  high  harmonic 
operation.  The  gyro-peniotron  oscillator  in  a  slotted  cavity 
appears  attractive  as  a  means  of  achieving  millimeter  wave 
emission. 


INTRODUCTION 

The  gyro-peniotron  has  an  excellent  potential  as  a  high 
efficiency,  high  harmonic  microwave  source.  Recent  theo¬ 
retical  modeling  (1-5)  has  shown  that  efficiencies  (as  great 
as  80-90%)  can  be  gotten  for  electron  beams  with  finite  ve¬ 
locity  and  guiding  center  spread.  Although  the  peniotron 
interaction  may  lead  to  higher  saturated  efficiencies  than 
the  electron  cyclotron  interaction,  in  the  weak  field  linear 
limit  the  cyclotron  maser  interaction  is  generally  a  stronger 
interaction.  This  relative  weakness  of  the  peniotron  inter¬ 
action  can  lead  to  high  start  oscillation  currents,  and  there¬ 
fore,  significant  mode  competition  and  interference  from 
cyclotron  maser  modes  with  lower  start  oscillation  beam 
powers.  Use  of  a  slotted,  magnetron-type  cavity  presents 
a  means  of  overcoming  these  problems  by  both  enhancing 
the  interaction  between  the  electron  beam  and  the  field  at 
high  harmonics  (which  lowers  the  operating  current),  and  at 
the  same  *ime  reducing  mode  competition  from  unwanted 
modes  (Gj.  In  this  paper  we  present  the  results  of  a  numer¬ 
ical  non-linear  investigation  of  a  slotted  cylindrical  cavity 
gyro-peniotron  oscillator  operating  in  a  TEmn  “whispering 
gallery”  mode.  The  modes  m  =  2-5  were  studies  at  the  pe¬ 
niotron  interaction  harmonics  s  =  m  —  1.  As  expected  from 
smooth  walled  and  previous  slotted  cavity  studies,  we  find 
that  high  efficiencies  are  possible  at  high  harmonics  for  the 
gyro-peniotron.  We  also  find  that  the  use  of  a  slotted  cavity 
can  lead  to  a  decrease  in  the  operating  beam  current  with 
increasing  harmonic  number. 


GYRO-PENIOTRON  MODEL 

We  consider  a  magnetron-type  slotted  cavity  with  N 
slots  each  of  width  2 90  interacting  with  an  axis  encircling 
beam  (see  Figure  1).  The  cavity  inner  radius,  outer  radius, 
and  axial  length  are  respectively  «  and  6,  and  L.  The  axial 
length  of  the  cavity  contains  two  tapered  regions,  the  input 
ana  output  regions,  and  z3,  with  a  straight  interaction 
region,  z2,  between  them  (see  Figure  2).  Using  the  initial 
cavity  radius,  a0,  as  our  scale  factor,  the  radius  in  the  first 
tapered  region  varies  from  1-1.111,  while  in  the  output  ta¬ 


pered  region  the  radius  goes  from  1.111-1.688.  The  input, 
interaction,  and  output  tapered  regions  are  respectively  2a0, 
Sa0,  and  a0  in  length. 

The  transverse  RF  field  is  calculated  by  treating  the 
cavity  proper  and  the  slots  as  separate  expansions  which  are 
matched  across  the  slot  openings  (6).  We  take  the  relative 
phase  dependence  of  each  of  the  N  slots  as  being  e,2nmi/N 
q  =  0,...,JV  —  1.  The  value  of  the  mode  number  m  de¬ 
termines  the  general  mode.  The  2x  mode  corresponds  to 
m  =  0,  while  the  x  mode  is  given  by  m  =  N/2.  The  x 
mode,  which  we  will  consider  here,  has  the  same  symmetry 
as  a  TEmn  smooth  walled  mode,  but  the  radial  peak  may 
be  strongly  displaced  towards  the  axis.  This  inward,  shift 
in  the  field  maximum  allows  the  placement  of  the  electron 
beam  in  the  region  of  high  field  and  greatly  enhances  the 
interaction  between  the  beam  and  the  cavity  mode  [6]. 

An  addition  advantage  with  a  N  slotted  magnetron- 
type  cavity  is  the  imposed  JVth  fold  symmetry  which  is  lack¬ 
ing  in  a  smooth  walled  cavity.  The  cavity  symmetry  leads 
to  an  enhancem  ;nt  of  the  Q  for  modes  which  have  the  same 
symmetry  as  th-s  cavity,  relative  to  the  cavity  modes  that 
do  not  “fit”  we!  into  the  cavity  symmetry.  This  results  in 
a  lower  start  osc  llation  current  for  the  wanted  x  mode  and 
a  reduction  in  the  mode  competition. 

To  explore  the  non-linear  behavior  of  this  gyro-peniotron 
oscillation  we  have  developed  a  self-consistent  numerical 
model  based  on  the  slow-time  scale  formulation  of  Gan¬ 
guly  and  Ahn  [7].  We  use  guiding  center  coordinates 
!ta.,i<i>rsc>V,jc.  and  slow-time  scale  variables,  eat  -  si}>g0  — 
£(z),  where  the  RF  field  axial  profile  is  given  by  .F(z)e_l£^. 
By  averaging  over  a  cyclotron  period  the  interaction  is  lim¬ 
ited  to  a  single  s  harmonic.  Integrating  Maxwell’s  equations 
for  the  RF  field  over  the  cavity  cross  section  then  results  in 
complex,  non-linear  second  order  ordinary  differential  equa¬ 
tions  for  F(z)  and  £(z),  where  the  coupling  between  the  RF 

field  and  the  beam  is  governed  by  v  ■  E.  This  RF  field  equa¬ 
tion  is  solved  numerically  with  the  three-dimensional  beam 
particle  equations  of  motion.  The  equations  contain  sums 
over  the  RF  field  harmonica  which  are  truncated,  and  in¬ 
volve  high  order  Bessel  functions  evaluated  in  line  for  speed 
and  accuracy.  The  RF  field  solution  is  subject  to  oscillator 
boundary  conditions,  with  an  initial  effervescent  field  where 
the  beam  interaction  starts  and  an  outgoing  wave  field  at 
the  output  end  of  the  cavity.  The  need  to  satisfy  the  RF 
field  boundary  conditions  constitutes  an  eigenvalue  problem 
for  the  field  amplitude  and  mode  frequency  which  is  solved 
iteratively.  A  spread  in  the  initial  beam  parameters,  such  as 
the  guiding  center  radius  or  the  axial  velocity  is  also  treated 
by  using  a  weighted  average  when  calculating  the  beam  cur¬ 
rent.  As  the  full  RF  fields  for  TE  modes  is  used,  including 
all  (E$,Er,B$,nr,B.)  components,  both  the  electron  cy¬ 
clotron  maser  and  the  peniotron  interactions  are  accurately 
calculated.  The  gyro-peniotron  oscillator  is  assumed  to  be 
in  steady  state  operation. 

We  have  used  this  model  to  analyze  both  the  weak  field 
linear  regime,  and  the  high  field  non-linear  saturated  effi¬ 
ciency  regime.  We  feel  that  the  calculation  of  the  field  profile 
and  cavity  Q  is  needed  to  accurately  determine  the  oscillator 
operating  current  behavior.  Variations  in  the  model  param- 
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eters  can  lead  to  large  changes  in  Q.  Using  the  quantity 
Qi,  as  is  often  done  in  models  which  are  not  self-consistent, 
can  therefore  lead  to,  erroneous  predictions  for  the  optimum 
operating  beam  currents. 


RESULTS 

We  have  made  a  parameter  study  of  the  start  oscillation 
and  saturated  efficiency  for  the  TEmn  modes  for  m  =  2-5 
and  at  the  peniotron  resonance  harmonics  s  =  1-4.  The 
parameters  varied  include  the  cavity  length  and  slot  depth, 
and  the  beam  energy,  transverse  to  axial  velocity  ratio,  a, 
axial  velocity  spread,  and  guiding  center  spread.  Figure  3 
shows  the  minimum  start  oscillation  current  for  the  modes 
as  a  function  of  6/a  for  a  =  1.5  and  beam  energy  70  keV. 
For  the  smooth  walled  cavity,  6/a  =  1,  the  start  oscilla¬ 
tion  current  increases  with  mode  number.  As  6/a  increases, 
however,  this  trend  then  reverses  and  the  start  oscillation 
current  decreases  with  increasing  mode  number.  The  curves 
for  TE3n-TE5n  are  stopped  when  the  ratio  of  the  beam 
Larmor  radius,  ri,  to  the  cavity  radius  in  the  interaction 
region  which  reaches  80%.  This  gives  room  for  a  reason¬ 
able  amount  of  initial  guiding  center  spread.  For  the  TE211 
mode,  the  Larmor  radius  was  only  about  half  of  the  inter¬ 
action  radius  even  with  6/a  as  large  as  2.25.  Larger  values 
of  6/a  lead  to  very  low  values  of  kj_  and  the  extension  of 
the  RF  field  excessively  into  the  input  region.  We  note  from 
Figure  3  that  the  start  oscillation  current  at  the  optimum 
80%  Larmor  radius  point  decreases  slowly  with  mode  num¬ 
ber  for  large  m.  The  addition  of  slots  therefore,  dramatically 
reduces  the  high  harmonic  operating  current,  and  favors  op¬ 
eration  at  high  harmonics.  We  find  that  for  the  TEs;i  mode 
operating  at  the  4th  harmonic,  efficiencies  of  ~  50%  can  be 
gotten  even  with  a  guiding  center  spread  of  ~  10%  of  the 
interaction  region  radius.  The  gyro-peniotron  oscillator  in  a 
slotted  cavity  is  therefore,  a  device  with  excellent  potential 
as  a  high  harmonic  microwave  source. 
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Figure  I.  S  otted  Cawty  Gyro-peniotron  Oscillator 
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Figure  2.  Gyro-peniotron  Oscillator  axial  cross  section 


Figure  3.  Start  Oscillation  Current 
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ABSTRACT 

A  prebunched  beam  has  been  used  to  further  increase  the 
efficiency  of  our  axis-encircling  high  harmonic  gyrotron.  The 
experiment  was  performed  at  the  third  harmonic  with  a  TE,,, 
mode  at  27.7  GHz.  The  conversion  power  was  6.7  kW  which 
was  significantly  greater  than  that  of  the  non-prebunched 
experiment.  Also,  mode  competition  was  substantially 
reduced.  The  dependence  of  the  output  power  on  the  square 
of  current  has  been  verified  .  The  start  of  oscillation  current  is 
effectively  zero. 

INTRODUCTION 

A  high  harmonic  gyrotron  has  been  developed  at  UCLA  which 
is  based  on  the  resonant  interaction  between  a  large  orbit 
axis-encircling  electron  beam  with  a.  high  order  azimthual  TE„, 
mode.  Since  the  electrons  are  in  resonance  with  the  wave 
when  co  =  nQc,  the  magnetic  field  requirement  has  been 
substantially  reduced  (by  a  factor  of  n) <u  . 

Since  the  fields  of  high  order  TE„„  modes  are  strongly 
localized  near  the  wall  of  the  cavity, strong  interaction  between 
the  electrons  and  wave  requires  an  electron  beam  with  a  high 
transverse  velocity(Fig.  1).  At  UCLA.the  high  energy  axis 
encircling  electron  beam  is  produced  by  a  gyro-resonant  rf 
accelerator.  A  pencil  beam  is  accelerated  up  to  1  MeV  in  a 
TE„,  cavity  .becoming  a  high  energy  axis-encircling  helical 
beam  <2) . 

Notable  high  harmonic  gyrotron  results  using  this  RF 
accelerator  have  been  a  conversion  efficiency  of  16%  in  a  2 
kW,  fourth  harmonic, 32  GHz  tube  with  mode  control, saturation 
at  1  kW  by  an  eleventh  harmonic  tube  and  emission  at  65  GHz 
by  an  eighth  harmonic  tube <5) . 

Here, a  novel  interaction  has  been  developed  based  on  the 
fact  that  the  RF  accelerator  transforms  a  pencil  beam  into  a 
helical  electron  beam  rotating  with  the  accelerator's  frequency. 
If  the  gyrotron's  frequency  is  a  harmonic  multiple  of  the 
accelerator's  frequency,  the  angular  velocity  of  the  wave  is  the 
same  as  the  rotating  velocity  of  the  helical  beam  and  each 
electron  will  see  the  same  phase  when  entering  the  interaction 
cavity.This  results  in  a  prebunched  electron  beam.  The 
accelerator  behaves  like  the  buncher  cavity  of  a  klystron  and 
higher  power  can  be  obtained. 

LINEAR  THEORY 

In  order  to  simultaneously  satisfy  the  prebunching  condition 

e)=n(uacc  (1) 

and  the  gyro-resonance  condition 

<o  -  k||V||  -n QJy  =  0  (2) 

we  must  achieve 


fc'ace - jT+kinr  P) 

However,  we  know  the  opti-'.ial  operating  condition  is  . 

(4) 


Condition  (3),  and  (4)  are  not  easily  achieved  without  using  a 
tapered  magnetic  field  or  utilizing  the  Doppler  shift 
term. Unfortunately,  the  former  will  cause  reflection  of  the 
electrons  due  to  their  high  a  .  By  using  a  high  axial  mode, 
Eq.(3)  can  be  satisfied  while  the  cavity's  length  can  still  be 
long  enough  to  allow  the  interation  to  saturate. 

A  small  signal. linear  theory  of  the  prebunched  harmonic 
gyroton  can  be  derived  by  considering  the  generation  of  a  TE„„ 
wave  whose  azmuthal  electrical  field  is  given  by 

E o  =  E0J'ft(kj.2)  sin(nO  -  tot)  (5) 

The  change  in  energy  of  an  electron  is  given  by  dU/dt  =  evE  . 
Taking  into  account  the  sin(kj,z)  dependence  of  the  mode,  the 
energy  change  of  an  optimally  phased, axis-encircling  electron 
rotating  synchronousely  with  the  wave  is  AU  =  evi(E,/2)£/v„ 
where  t  is  the  length  of  the  cavity.  The  power  flow  into  the 
wave  is  given  by  P  =  AUI/e  ,  or 

p  =  ■|^vi/v||)EcJ'n(kxri)  (6) 

Meanwhile,  the  power  lost  by  the  field  with  total  energy, U, is 
given  by  P  =  -SLu  .  where 

U  =  ^itE02(1-(^r)^n2(qnl)  (7) 

At  equilibrium.the  power  gained  from  the  electrons  must  equal 
the  dissipated  power.Consequently,  the  expected  power  level 
is  given  by 

P  =  (Q£I2/ne0“a2Xvx/v||)2(J'n(qMrJ./a)/Jn(qM))!(1  -  (n/q  J)~'  (8) 

Notice  that  the  power  scales  with  the  square  of  the  current, 
which  is  a  characteristic  of  an  amplifier. 


EXPERIMENT 

The  geometry  of  the  prebunched  high  harmonic  gyrotron  is 
shown  in  Fig.  2.  A  low  energy  pencil  beam  is  injected  along 
the  magnetic  field  into  the  cyclindrical  cavity  TE„, 
gyro-resonant  accelerator.The  resulting  helix  of  high  energy 
electrons  strikes  a  uranium  glass  plate  after  propagating 
through  the  interaction  cavity.  Because  the  radius  of  the 
resulting  fluorescent  image  is  jus!  the  Larmor  radius, the 
perpendicular  velocity  can  be  determined  within  2.5%. 

Our  first  experiment  was  performed  at  the  third  harmonic  with 
a  TE„j  mode  at  27.7  GHz  which  is  exactly  three  times  the  RF 
accelerator's  frequency.  The  maximum  output  power  is  3.4 
kW.  The  dependence  of  the  output  power  on  the  beam 
current  is  shown  in  Fig.  3.  As  Eq.(8)  predicts,  the  output  power 
scales  with  the  square  of  the  current  and  no  start  of  oscillation 
current  exists.  Also,  the  prebunching  mechanism  has 
substantially  suppressed  mode  competition.  The  level  of  the 
competing  mode  is  never  more  than  30  dB  below  the  level  of 
the  main  mode. 


0-2Dc/(y  + 1) 
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DISSCUSSION 

A  rough  estimate  of  the  maximum  efficiency  is  given  by  the 
change  of  y  by  which  the  electrons  advance  in  the  wave  by  180 
degrees.  It  can  be  shown  that  the  efficiency  is  then  given  by 


Ay  y  ”c/*n 
y  —  1  >-1  1  0)L 


(9) 


For  our  parameters  the  predicted  maximum  efficiency  is  13%, 
whereas  a  peak  efficiency  of  10.5%  was  obtained.  For  the 
linear  region,  Eq.(8)  predicts  an  output  power  of  245kW/A2  for 
our  experimental  parameters.whereas  we  have  measured  a 
power  of  125kW/AJ  The  discrepancy  can  be  accounted  for  by  the 
fact  that  the  guiding  center  spread  leads  to  some  electrons 
entering  the  cavity  at  improper  phase  angles.  A  small  aperture 
in  front  of  the  accelerator  reducing  the  beam's  guiding  center 
spread  would  improve  the  agreement.Axial  velocity  spread 
together  with  the  large  k,,  will  also  reduce  the  formation  of  a 
prebunched  electron  beam  and  the  efficiency  of  the  interaction. 
The  influence  of  velocity  spread  will  be  studed  in  the  future. 
A  comparative  experiment  with  a  non-prebunched  gyrotron  is 
also  being  performed. 
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Fig.  1.  Dependence  of  the  normalized  rf  field  strength  squared 
on  ftt  for  high  harmonic  interaction. 
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Fig.  2.  Schematic  of  prebunched  high  harmonic  gyrotron. 
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Fig.  3.  Dependence  o(  output  power  on  beam  current  in 
probunched  third  harmonic  gyrotron. 
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ABSTRACT 

A  linear  stability  analysis  of  the  extraordinary 
mode  in  a  high-power  (>GW)  planar  magnetron  is 
developed  using  a  cold-fluid  model  of  the  electron 
flow.  The  eigendifferential  equation  for  arbitrarily 
intense  electron  flow  is  found  and  solved  numerically 
through  finite  differencing  techniques.  As  a  sample 
of  some  initial  results,  a  calculation  of  growth  rates 
versus  cavity  depth  is  shown. 


I.  INTRODUCTION 

The  magnetron  has  attracted  much  attention  lately 
as  a  means  of  efficiently  generating  high-power 
electromagnetic  radiation.  Although  many  successful 
applications  of  the  magnetron  exist,  including  radar 
and  the  microwave  oven,  the  theory  of  the  magnetron  is 
very  primitive  and  ad  hoc.  In  particular,  a  self- 
consistent  theory  of  the  high-power  (>GW)  magnetron 
has  yet  to  be  developed.  The  major  difficulties  to 
such  a  theory  are  the  presence  of  anode  reasonators 
and  the  intense  self  field  of  the  electron  flow  at  the 
cathode. 

Previously,  in  an  effort  to  develop  the  first 
self-consistent  theory  of  the  magnetron,  a  linear 
stability  analysis  of  the  extraordinary  mode  in  both  a 
planar  and  a  cylindrical  magnetron  was  performed, 
using  a  macroscopic  cold-fluid  model  for  the  electron 
flow*.  A  closed  analytic  dispersion  relation  was 
found  for  each  geometry  in  the  limit  of  a  tenuous 
2  2 

electron  flow  (<Opb  «  o>c).  In  the  present  work  we 

will  present,  we  have  lifted  this  tenuous  flow 
restriction  by  numerically  solving  the  eigen¬ 
differential  equation  characterizing  an  intense 
o  9 

electron  flow  (upb  >  uc)  at  the  cathode.  Details  of 

this  theoretical  development,  numerical  techniques  and 
initial  results  are  presented  below. 

The  remainder  of  this  paper  is  organized  as 
follows.  Section  II  details  the  geometry  employed  and 
the  development  of  the  linearized  eigendifferential 
equation  for  extraordinary  mode  oscillations  for 
arbitrarily  intense  electron  flow.  It  also  explains 
the  boundary  conditions  used  to  model  the  effect  of 
the  anode  resonators.  Section  III  describes  the  code 
developed  to  solve  the  eigendifferential  equation. 
Section  IV  gives  sample  initial  results.  Finally, 
Section  V  gives  the  conclusion. 


planar  magnetron  is  shown  in  Figure  1.  The  Brillouin 
electron  flow  is  in  the  y-di recti  on  along  the  cathode 
whose  surface  lies  in  the  y-z  plane.  The  x-direction 
gives  the  distance  from  the  cathode,  while  the  applied 
magnetic  field  lies  in  the  z-di recti  on. 

We  assume  extraordinary  mode  (TM)  perturbations, 
since  it  is  these  perturbations  that  both  propagate 
perpendicular  to  the  applied  magnetic  field  and  have 
an  electric  field  component  in  the  direction  of  the 
electron  flow: 

&  -  &x(x,y,t)  x  +  6Ey(x,y,t)  y  ,  (1) 

&  =  ®z  (x,y,t)  z  . 

For  simplicity,  a  cold  macroscopic  fluid  treatment  is 
used  for  the  electron  flow.  The  resulting  eigen¬ 
differential  equation  is  the  same  as  that  found  by 
Davidson,  Tsang  and  Swegle2for  extraordinary-mode 
stability  of  a  smooth-wall  planar  diode,  although  the 
boundary  conditions  are  different.  These  are  found  by 
the  usual  procedure:  the  fluid  and  Maxwell  equations 
are  linearized  and  Fourier  decomposed 
(-exp  (iky  -  iut));  the  eigendifferential  equation 
follows  from  the  consistency  condition.  We  do  not 
show  the  eigendifferential  equation  or  its  derivation 
here.  Rather  the  reader  is  refered  to  Section  III  of 
reference  2.  It  suffices  here  to  say  that  it  is  a 
second  order  linear  eigendifferential  equation  for  the 
perturbed  axial  electric  field  as  a  function  of  x, 
with  coefficients  that  are  non-linear  function  of  w, 
k,  x  and  the  plasma  parameters.  The  code  written  to 
solve  this  eigendifferential  equation  is  outlined  in 
Section  III. 

The  boundary  conditions  outside  the  electron  flow 
are  determined  from  the  usual  admittance  matching 
calculation  at  the  resonator  openings.  In  this  way, 
the  form  of  the  perturbed  axial  electric  field  in  the 
vacuum  region  is  found.  While  this  perturbed  field  is 
expressed  as  an  infinite  series  of  components,  its  in¬ 
teraction  with  the  electron  flow  is  dominated  by  the 
longest  wavelength  component.  The  perturbed  electric 
field  in  this  vacuum  region  is  seen  to  be  of  the  form 

4Ey  [sinpx  -  G(u,  k)  cospx],  (2) 

2  2  2  2 

where  p  -  (u/c  )  -  k  and  G(u>,  k)  is  a  complicated 
function3  of  u  and  k.  The  other  boundary  conditions 
are  6Ey  =  0  at  the  cathode,  and  6Ey  and  its  x  deriva¬ 
tive  are  continuous  across  the  plasma-vacuum 
interface. 


II.  LINEARIZED  EIGENMODE  ANALYSIS  OF  THE 
PLANAR  MAGNETRON 


The  geometry  employed  in  our  analysis  of  the 
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III.  THE  EIGENDIFFERENTIAL  EQUATION  CODE 

The  eigendifferential  equation  is  solved  in  its 
(tridiagonal)  matrix  form,  which  results  from  the 
usual  finite  differencing  techniques.  At  an  x  coordi¬ 
nate  in  the  vacuum  region  the  boundary  condition  of 
equation  (2)  is  applied  in  the  form 

-g| — |f  [6Ey]  =  function  (w,  k)  .  (3) 

The  desired  eigenfrequencies  are  given  by  the  zeroes 
of  the  determinate  of  the  matrix,  which  are  found  by 
iteration  from  an  initial  guess  using  Mueller's 
method.  The  code  can  automatically  find  mover  a 
range  in  any  other  parameter.  The  accuracy  of  the 
code  has  been  successfully  tested  by  reproducing  the 
results  of  Davidson2  et  al  for  a  smooth-wall  diode. 


IV.  RESULTS 


paper,  featured  the  increase  of  growth  rates  with 
increasing  cavity  depth.  A  thorough  exploration  of 
planar  magnetron  behavior  over  a  wide  range  of 
parameters  characterizing  the  electron  flow  and  the 
geometric  configuration  is  in  progress.  A  similar 
analysis  of  the  cylindrical  magnetron  is  also  planned. 

This  work  was  supported  by  IR  at  NSWC  and  SDIO-IST. 
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Application  of  the  eigendifferential  equation 
code  to  the  planar  magnetron  is  now  underway.  An 
example  of  some  early  results  is  given  in  Figure  2, 
which  shows  the  growth  rate,  io. ,  versus  the  depth  of 
the  resonator  cavities  for  twoxases  of  intense 
electron  flow.  In  this  case  the  magnetron  was 

2  2 

"heavily  loaded":  The  factor  s  =  ^e/“ce  was  1.0  for 

the  upper  curve  and  0.5  for  the  lower;  in  both  cases 
the  width  of  the  electron  for  (xb)  was  2/3  of  anode- 
cathode  spacing  (xa).  Here,  the  separation  between 
the  cathode  surface  and  the  back  surface  of  a  vane  is 
denoted  by  x..  Hence,  xc/xb  =  1.5  implies  xc  =  xfl  and 
a  smooth  wall. 

As  expected,  the  growth  rate,  u.  in  Figure  2  is 
higher  for  s=l  than  s=l/2.  Also  as  Expected,  ol.  is 
seen  to  increase  with  increasing  cavity  depth,  But 
saturates  when  the  resonator  depth  becomes  com¬ 
parable  to  the  beam-anode  spacing.  However,  the  phase 
velocity  (not  shown)  varies  only  slightly  (<  .5%)  over 
this  range  of  cavity  depths,  which  is  contrary  to  the 
expected  role  of  the  resonators  as  a  slow  wave 
structure.  This  discrepancy  is  probably  a  consequence 
of  the  intense  loading  of  the  resonator  structure: 
the  modes  are  determined  primarily  by  the  electron 
flow  and  not  the  waveguide  structure. 

A  detailed  examination  of  magnetron  behavior  over 
a  wide  range  of  values  for  the  electron  flow  and  re¬ 
sonator  geometry  is  now  underway,  using  the  eigen¬ 
differential  equation  code. 


V.  CONCLUSION 

A  linear  stability  analysis  of  the  extraordinary 
mode  oscillation  in  a  planar  magnetron  has  been 
developed.  A  cold  fluid  model  is  used  for  the 
electron  flow.  The  resulting  eigendifferential 
equation  for  the  perturbed  axial  electric  field  is  the 
same  as  that  found  previously2  for  arbitrarily  intense 
electron  flow  in  a  smooth  bore  magnetron.  However,  in 
our  treatment,  boundary  conditions  characterizing  the 
effect  of  the  anode  resonators  (equation  (3))  must  be 
applied  in  the  vacuum  region.  A  code  to  solve  this 
eigendifferential  equation  via  finite  difference 
techniques  has  been  developed  and  is  now  operational. 
An  initial  application  of  the  code,  shown  in  thi-' 


Figure  1  Growth  rate  versus  cavity  depth.  Here, 


OO  . 

s  s  u  /u  ,  and  the  anode  cathode  separation  is 
1.5  xj^  ce 


Xc/Xb 

Figure  2  Geometry  for  Planar  Magnetron  Analysis 
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ABSTRACT 

Symmetry  and  periodicity  is  discussed  as  it 
pertains  to  wave  propagation,  with  particular  empha¬ 
sis  on  Floquet'3  theorem  and  Bloch's  theorem,  Flo- 
quet's  theorem  in  three  dimensions  is  applied  to  a 
circular  waseguide  with  screw  periodicity.  The 
resulting  dispersion  characteristics  of  the  uncou¬ 
pled  modes  are  compared  to  those  of  a  normal  circu¬ 
lar  waveguide. 

INTRODUCTION 

The  topic  of  symmetry  and  periodicity  is  funda¬ 
mental  in  the  analysis  of  millimeter  wave  circuits. 
To  take  advantage  of  symmetry,  a  structure  is  often 
broken  down  mathematically  to  its  smallest  possible 
unit  cell  and  analyzed  accordingly.  Similarly  in  a 
periodic  structure,  the  solution  is  restricted  to  a 
specific  form  obeying  Floquet's  theorem,  and  the 
analysis  is  performed  over  one  period  only.  Fur¬ 
thermore,  the  orthogonality  criteria  is  defined  over 
the  same  period. 

When  symmetry  and  translational  periodicity  are 
simultaneously  present,  the  fundamental  periodicity 
Is  assumed  to  be  that  unique  transformtiorT  which 
describes  the  geometric  relation  (translation  and 
rotation)  between  any  two  consecutive  unit  cells. 
Orthogonality  is  then  defined  over  the  unit  cell. 

As  an  example,  the  interdlgltal  structure  shown 
in  Fig.  I  Is  invariant  with  respect  to  the  transfor¬ 
mation 

(x,  y,  z)  (x,  -y,  z  +  p/2) 

with  the  result  that  the  fundamental  periodicity 
involves  a  translation  of  p/2  and  a  rotation  of  n 
about  the  z  axis. 

THE  THEOREMS  OF  FLOQUET  AND  BLOCH 

The  solution  to  a  differential  equation  in¬ 
volves  the  differential  equation  lt3elf,  as  well  as 
Its  boundary  conditions  (and/or  initial  conditions). 
When  periodicity  is  present  within  the  differential 
equation,  the  form  of  the  solution  Is  appropriately 
restricted.  The  family  of  periodic  differential 
equations  of  the  form 

♦  f (x)  *(x)  -  0  (1) 
dx 

where  f(x)  is  a  periodic  function  with  period  p,  are 
known  as  Hill  equations.  Solutions  to  theoe  equa¬ 
tions  take  the  form 

(2) 


T  being  a  (complex)  constant  and  n  an  integer. 
Equation  2  is  Floquet's  theorem,  which  can  be  veri¬ 
fied  by  linear  algebra  [1].  The  familiar  corollary 
to  Floquet's  theorem  follows  directly  from  Eq.  2;  it 
asserts  that  a  solution  to  a  Hill  equation  can 
always  be  found  of  the  form 

+(x)  -  eJkx  u(x)  (3) 

where  u(x)  Is  periodic  such  that 

u(x  +  np)  »  u(x)  (4) 

and  j  «  /-l. 

Bloch's  theorem  is  the  generalization  to  three 
dimensions  of  Floquet's  theorem  [2].  The  differen¬ 
tial  equation  is  written  in  three  dimensions  as 

V2y(r)  +  f (r )  *(r)  -  0  (5) 

where 

f(r)  -  f (r  +  nR)  (6) 

The  solution  to  Eq.  5  then  takes  the  form 

jk-r 

<p(r)  -  e  u(r )  (7) 

in  which 

u(r  +  nR)  -  u(r)  [3,  4]  (8) 

Periodicity  may  also  enter  a  problem  through 
its  boundary  conditions.  It  can  be  shown  by  matrix 
methods  that  the  solution  to  the  wave  equation  under 
the  constraint  of  a  periodically  varying  boundary 
must  also  be  of  the  form  given  In  Eqs.  3  and  7  [5]. 
Consequently,  periodic  structures  may  be  classified 
'into  two  basic  types:  structures  with  periodic 

boundary  conditions  and  structures  with  periodically 
varying  physical  properties  (an  example  of  which  is 
a  waveguide  filled  with  a  dielectric  material  whose 
dielectric  constant  varies  in  a  periodic  manner 
along  the  axial  direction).  For  the  latter  ease, 
the  differential  equation  will  be  of  the  form  given 
in  Eq.  5,  and  In  both  cases,  the  solutions  will  obey 
Bloch's  (Floquet's)  theorem. 

THE  CIRCULAR  CYLINDRICAL  WAVEGUIDE 
WITH  IMPOSED  SCREW  PERIODICITY 

The  gyrotron  backward-wave  oscillator  proposed 
by  Bunch,  Grow,  and  Baird  [6]  is  simply  a  cylindri¬ 
cal  waveguide,  with  wall  perturbations  evenly  spaced 
along  a  helical  path  and  with  azimuthal  spacing 
of  2it/!.,  i  being  an  integer.  The  case  of  120°  sepa¬ 
ration,  i  »  3,  is  shown  in  Fig.  2.  The  fundamental 
periodicity  is  then  a  translation  of  p/3  coupled 
with  a  rotation  of  2ir/3. 


iji(x  +  np)  *  nji(x) 


Assuming  a  homogeneous,  source-free  medium  and  the  two  modes,  and  these  are  plotted  as  the  familiar 
harmonic  time  variation,  the  solution  to  the  scalar  dashed  hyperbola  shown  in  Fig.  3.  Equation  1*1  can 
Helmholtz  equation  be  used  to  analyze  how  the  dispersion  for  these 

modes  is  affected  when  120°  screw  periodicity  is 
V  >(r)  +  k2  #(r)  «  0  (9)  imposed. 


is  written  in  terms  of  a  complete  set  of  t_sis  func¬ 
tions,  each  of  which  satisfies  the  differential 
equation  and  together  satisfying  the  screw  periodic¬ 
ity  criteria: 

♦  -  l  J,(r J  eJi*  e  JBl'nZ  (10) 
t,n—  %  r 


Application  of  Bloch’s  theorem  to  Eq.  10  [7]  re¬ 
stricts  the  axial  propagation  constant  B.  to  the 
form  I,n 


„  2x 
B  +  —  U 
o  p 


while  application  of  the  boundary  conditions  re¬ 
stricts  the  radial  propagation  constant  Y  in  the 
Bessel  function  J ^  to  the  values 


X,  ,/a,  TM  to  z 

Y  -  Y,  -  1,1  (12) 

Xj^/a,  TE  to  z 

where  x,  ,  is  the  ith  root  of  J  ,  and  xj  ,  is  the 
ith  root’  of  J*.  The  separation  equation  yrelds  the 
relationship 

Y2  -  k2  -  B2  n  (13) 

where  k  Is  the  wave  number  of  the  homogeneous 
medium.  By  considering  Eqs.  11  and  13,  BQ  may  be 
written  as 


6  -  k2  -  Y2  -  —  (1  -  3n)  (ID) 

o  p 

thereby  providing  a  dispersion  relationship  between 
B  and  k.  The  corresponding  dispersion  equation  for 
tRe  unperturbed  waveguide  is 

Bq  -  k2  -  Y2  (15) 


The  lowest  order  mode  in  a  normal  circular 
waveguide  is  the  TEU  or  the  TE_j,  mode,  each  having 
the  same  dispersion  characteristics,  and  therefore 
indistinguishable  from  one  another.  Equation  15  is 
used  to  obtain  these  dispersion  characteristics  for 


j - P - | 


Fig.  1.  Schematic  of  an  Interdigital  line.  The 
fundamental  periodicity  A  *  B  involves  a 
rotation  as  well  as  a  translation.  The 


For  the  TE+11  modes,  the  dispersion  equation  in 
Eq.  1*1  has  the  "form 

Bo“  k2  '  yl,l  ~  f  (±1  '  3n)  (16) 

which  results  in  the  solid  dispersion  curves  3hown 
in  Fig.  3.  As  a  consequence  of  the  screw  perio¬ 
dicity,  the  two  unperturbed  modes  have  shifted  — 
the  TEj^  by  -2  and  the  TE.j^  by  2  —  and  each  now 
consists  of  a  complete  set  of  space  harmonics.  For 
illustrative  purposes,  these  modes  are  shown  un¬ 
coupled,  though  coupling  would  occur  for  wall  per¬ 
turbations  of  finite  size  [8). 
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axial  periodicity  A  ■»  A1  Is  simply  a  linear  Fig.  2.  Schematic  of  120°  screw  periodicity 

translation.  ka  imposed  on  a  circular  waveguide. 


Fig.  3.  The  dispersion  characteristics  of  the  TEjj  and  the  TE_^  modes.  The  TE±n  mode 
of  the  unperturbed  waveguide  (dashed  curve)  separates  into  two  distinct  modes 
and  their  associated  space  harmonics  when  screw  periodicity  is  imposed. 
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ABSTRACT 

Microwave  properties  of  high  Tc  superconducting 
films  sputtered  on  MgO  were  measured  using  a 
closed-loop  ring  resonator  circuit.  Unloaded  Q 
values  of  Y-Ba-Cu-0  and  Bi-Sr-Ca-Cu-0  resonators 
were  compared  to  gold  plated  resonators  of  identical 
design.  The  attenuation  of  yttrium-barium-copper 
oxide  films  on  a  MgO  substrate  is  approximately  31% 
lower  than  gold  films  at  6.6  GHz  and  33%  lower  at 
19.2  GHz  for  temperatures  below  50  K. 

INTRODUCTION 

High  Tc  superconductors  have  received 
considerable  interest  for  possible  thin  film 
applications  in  microwave  integrated  electronics. 
The  absence  of  dc  resistivity  and  reduced  microwave 
attenuation  offer  performance  advantages  over 
devices  and  circuits  made  with  conventional  gold 
conductors.  Experiments  have  been  performed  to 
characterize  these  new  superconductors  at 
microwave  and  millimeter-wave  frequencies  on  high 
Q  cavity  resonators  [1]  -  [5].  In  this  paper  we  report 
results  on  microwave  attenuation  in  Y-Ba-Cu-0 
(YBCO)  and  Bi-Sr-Ca-Cu-0  (BSCCO)  supercon¬ 
ductors  based  on  Q  factor  measurements  of 
microstrip  ring  resonators.  This  is  the  first  reported 
experimental  implementation  of  microstrip  to  obtain 
results  on  microwave  losses  in  thin  film  high  Tc 
superconductors. 

MICROSTRIP  RING  RESONATORS 

Microstrip  resonators  have  been  used  extensively 
to  study  dispersion,  effective  dielectric  constant,  and 
microwave  attenuation  on  dielectric  substrates.  The 
most  widely  used  tesonators  are  the  ring  resonator 
and  the  open-ended  linear  resonator.  Open-ended 
linear  resonators  suffer  from  considerable  losses  due 
to  radiation  from  the  open  ends,  which  can 
complicate  the  determination  of  microstrip  conductor 
losses.  The  ring  resonator,  however,  offers  the 
advantage  of  no  open  end  effects  so  that  the 
attenuation  sources  result  primarily  from  dielectric 
and  conductor  losses.  The  resonance  mode  is 
governed  by  the  multiple  lengths  of  the  mean  ring 
diameter  which  is  given  by  Do  =  nXg/it,  where  Xg  is 
the  guide  wavelength  and  n  is  the  resonance  mode. 


FABRICATION  OF  SAMPLES 

The  samples  tested  had  a  mean  diameter  of  213 
mils,  ring  width  of  20  mils,  conductor  thickness  of  1 
pm  for  YBCO  and  1/2  pm  for  BSCCO,  and  a  MgO 
substrate  thickness  of  20  to  30  mils  with  a  dielectric 
constant  of  10.  The  microstrip  input  lines  were 
designed  to  match  the  50  Cl  impedance  of  the  rf 
power  source.  The  superconducting  thin  films  were 
sputtered  at  700°C  and  then  annealed  at  850°C  in 
oxygen  for  YBCO  and  at  880°C  for  BSCCO  samples. 
Ring  resonator  patterns  were  printed  onto  the  films 
by  using  standard  semiconductor  photolithographic 
techniques.  Etching  of  unwanted  films  was 
accomplished  with  argon  ion  milling.  Due  to 
difficulties  encountered  with  the  fabrication  of 
superconducting  thin  films  on  both  sides,  a  plated 
gold  layer  was  used  for  the  microstrip  ground  plane. 
As  a  comparison  identical  gold  plated  ring 
resonators  were  also  fabricated.  Since  the  resonator 
design  was  not  optimized  for  maximum  Q,  higher  Q 
values  are  achievable  through  careful  design  of 
coupling  gap,  ring  geometry,  and  characteristic 
impedance. 

ANALYSIS 

From  swept  frequency  reflection  measurements, 
the  unloaded  Q  is  calculated  [6],  The  unloaded  Q 
may  be  derived  from  either  the  reflection-amplitude 
response  or  the  reflection-phase  response  taken 
from  either  port  of  the  resonator. 

The  unloaded  Q  of  a  microstrip  resonator  is 
related  to  the  various  loss  mechanisms  in  a 
microstrip  line 

ViL|i",'"i|‘i  (1) 

where  ac  and  aa  are  the  conductor  and  dielectric 
loss  constants  in  Np/m,  Xg  the  guide  wavelength,  and 
Qr  the  radiation  quality  factor  [7].  The  conductor  loss 
constant  otc  is  estimated  from  the  expression 

47UxcZo  =  B  { (C+D)  Rsi  +  C  Rs2  }  (2) 

where, 
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D  = 


J-ln-2!') 
n  t  J 


w‘  =  w  +  —  ( In  +  1 

and  Zo  is  the  characteristic  impedance,  Rsi  and  Rs2 
are  the  surface  resistivity  of  the  strip  and  ground 
plane  metallization,  and  w,  h,  and  t  are  the  microstrip 
width,  substrate  height,  and  metallization  thickness, 
respectively  [8]. 

In  order  to  separate  out  the  loss  contribution  due 
to  a  gold  ground  plane  in  the  superconducting 
sample,  the  following  first  order  procedure  is  used.  It 
is  assumed  that  the  dielectric  and  radiation  losses 
are  identical  in  both  the  superconducting  and  gold 
samples,  so  that  a  difference  in  the  unloaded  Q’s 
arises  from  a  difference  in  conductor  losses. 
Combining  equations  (1)  and  (2)  yields  an 
expression  for  the  surface  resistivity  Rss  of  the 
superconductor, 

RSS=  RS3‘  ~  b(C^D)  "(  a<a  -  ««)  (3) 

where  aCs  is  the  conductor  loss  in  the 
superconducting  sample,  aca  the  conductor  loss  in 
the  gold  sample,  and  Rsa  the  surface  resistivity  of 
plated  gold.  Rsa  is  computed  from  equations  (1)  and 
(2)  with  the  assumption  that  dielectric  and  radiation 
losses  are  negligible  at  cryogenic  temperatures. 
Once  Rss  is  obtained,  the  above  equations  can  be 
used  to  compute  the  attenuation  acss  and  the 
unloaded  Qss  in  an  ideal  sample  with 
superconductors  on  both  sides. 


RESULTS  AND  DISCUSSION 

The  ring  resonators  were  mounted  in  test  fixtures 
and  placed  in  a  closed  cycle  refrigerator.  The  fixture 
is  connected  via  semirigid  coaxial  cables  to  a 
Hewlett  Packard  851 0A  automatic  network  analyzer. 
In  addition,  a  four  point  probe  is  attached  to  a  strip  of 
superconductor  on  the  same  substrate  to  monitor  the 
DC  resistivity. 

The  YBCO  and  BSSCO  samples  had  transition 
temperatures  of  72  K  and  69  K,  respectively.  A 
comparison  of  the  unloaded  Q  vs.  temperature  for 
both  the  gold  and  YBCO  samples  is  shown  in  Figure 
1.  The  unloaded  Q  obtained  from  the  YBCO  sample 
is  higher  that  the  gold  sample  by  39%  at  6.6  GHz  and 
42%  at  19.2  GHz  at  40  K.  Since  the  superconducting 
sample  was  fabricated  with  a  gold  ground  plane,  a 
higher  Q  is  expected  for  a  superconducting  ground 
plane. 

Figure  2  plots  the  temperature  dependence  of 
conductor  attenuation  ac  for  the  gold  and  YBCO 
samples.  The  conductor  loss  for  YBCO  is  lower  than 
gold  by  31%  at  6.6  GHz  and  33%  at  19.2  GHz  at  40 
K.  The  sharp  drop  in  ac  below  the  transition 
temperature  and  subsequent  gradual  decline  below 
60  K  is  consistent  with  the  qualitative  two  fluid 
picture,  in  which  the  fraction  of  electrons  in  the 
normal  state  decreases  rapidly  below  the  transition 
temperature.  The  relatively  high  attenuation  in  both 
samples  can  be  attributed  to  the  high  surface 


roughness  of  the  commercial  MgO  substrates.  The 
BSCCO  sample  was  measured  to  have  2  times 
higher  conductor  loss  than  gold.  The  higher  loss 
could  be  due  to  the  current  sputtering  technique  for 
this  particular  compound  or  the  inherent  two-phase 
nature  of  the  new  material. 

The  results  of  this  investigation  have 
demonstrated  that  the  microstrip  performance  of 
certain  high  Tc  superconductors  is  better  than 
conventional  gold  conductors  at  microwave 
frequencies.  Characterization  of  attenuation  losses 
in  superconducting  microstrips  can  also  be  extended 
to  the  millimeter-wave  range.  Higher  performance  is 
expected  as  the  fabrication  quality  of 
superconducting  thin  films  is  improved. 
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Figure  1.  Unloaded  Q  vs.  temperature  plot  shows  that  the 
BYCO  titm  has  a  sharp  transition  to  saturated  Qo  below  Tc. 
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ABSTRACT 

One  dimensional  phase  conjugation  of  microwaves  via 
degenerate  four-wave  mixing  in  an  artificial  Kerr  medi¬ 
um  has  been  demonstrated.  The  medium  consisting  of  a 
liquid  suspension  of  elongated  graphite  particles  is 
confined  within  a  single  mode  waveguide.  The  decay 
of  the  nonlinear  refractive  index  grating  is  shown  to 
agree  with  previous  relaxation  time  measurements. 

INTRODUCTION 

Recent  interest  in  degenerate  four-wave  mixing  in 
artificial  Kerr  media  to  produce  a  phase  conjugate  wave 
has  concentrated  on  the  visible  spectrum  [1-6].  At¬ 
tempts  to  extend  this  technique  to  the  millimeter  wave 
and  microwave  spectral  regions  encounter  severe 
difficulties.  A  much  greater  medium  nonlinearity  is  re¬ 
quired  to  offset  the  limitation  in  the  number  of  interfer¬ 
ence  fringes  that  can  be  fit  into  practical  interaction 
lengths.  Large  diffraction  effects  limit  the  intensities 
and  interaction  lengths  obtainable  by  focussing.  The 
former  problem  may  be  solved  by  the  use  of  artificial 
Kerr  media,  the  latter  by  confinement  in  a  waveguide. 
In  a  single  mode  waveguide,  however,  wavefront  pertur¬ 
bations  cannot  propagate.  Phase  conjugation  therefore 
reduces  in  this  case  to  a  one-dimensional  conjugation 
capable  only  of  correcting  for  piston  error.  Observation 
of  this  conjugate  wave  with  a  slow  response  medium 
has  been  proposed  using  a  two-step  procedure  illustrated 
in  Figure  1  [7].  In  1(a)  a  nonlinear  refractive  index 
grating  is  written  by  counterpropagating  pump  and  probe 
waves.  In  1(b),  both  these  waves  have  been  turned  off, 
and  a  pump  wave  approaching  from  the  opposite  side 
reads  (scatters  off)  the  grating  to  produce  a  wave  which 
is  the  conjugate  of  the  probe.  This  conjugate  signal  will 
decay  in  intensity  as  thermal  equilibration  of  the  medi¬ 
um  washes  out  the  grating. 


EXPERIMENT 

The  nonlinear  medium  used  in  the  present  study  con¬ 
tains  short  elongated  graphite  fibers  with  a  diameter  of  7 
to  8  microns  and  aspect  ratio  of  3  to  5.  These  particles 
are  suspended  in  a  mixture  of  60%  mineral  oil  and  40% 
heptane.  This  medium  has  been  characterized  [8]  as 
having  an  unsaturated  nonlinear  refraction  coefficient  of 
2.6x10'  4  cm2  W  produced  by  an  orientational  mechan¬ 
ism.  Excellent  agreement  was  obtained  between  theory 


and  experiment  for  the  time  response  of  the  medium  [9]. 
The  suspension  is  highly  transparent,  having  a  loss 
length  (1/e  attenuation)  of  140  cm  at  18  GHz. 

The  schematic  of  the  experimental  setup  is  shown  in 
Figure  2.  An  RF  oscillator  at  roughly  18  GHz  is  used 
to  drive  a  TWT  amplifier  producing  a  maximum  of  20 
W  of  continuous  power.  A  3  dB  directional  coupler 
splits  the  power  to  form  pump  and  probe  waves.  TTie 
probe  wave  passes  through  the  35  cm  sample  chamber 
containing  the  nonlinear  medium  from  right  to  left  in 
Figure  2,  with  the  pump  wave  counterpropagating. 
After  allowing  about  a  minute  for  buildup  of  the  non¬ 
linear  grating,  the  pump  wave  is  turned  off  using  a  vari¬ 
able  attenuator,  what  was  previously  the  probe  wave 
now  functions  as  the  second  pump  wave  in  Figure  1(b). 
The  conjugate  wave  reflected  from  the  grating  is  meas¬ 
ured  at  power  metei  #2.  Sensitivity  is  maximized  by 
tuning  the  RF  oscillator  frequency  to  minimize  the  sig¬ 
nal  reflected  by  the  sample  chamber  windows  after  the 
grating  has  completely  decayed. 


(b) 


Fig.  1.  Schematic  diagrams  of  write  and  read  of  the 
phase  conjugate  grating,  (a)  The  phase  conjugate  grat¬ 
ing  is  written  by  the  pump  and  the  probe  waves,  (b) 
The  phase  conjugate  grating  is  read  by  the  pump  wave 
to  form  the  conjugate  wave. 
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Figure  3  shows  the  time  evolution  of  the  reflected  wave 
after  turning  off  die  first  pump  wave.  It  follows  an  ex¬ 
ponential  decay  with  a  time  constant  of  20  sec.  This 
value  is  roughly  independent  of  power,  indicating  opera-  j 
tion  within  the  low  power  regime,  and  agrees  wi  tn  the  £ 
previously  determined  [8]  relaxation  time  for  this  medi-  o 
urn.  We  therefore  identify  this  signal  as  being  reflected  £ 
from  die  nonlinear  grating  and  hence  a  phase  conjugate  2 
wave  produced  by  four-wave  mixing. 

CONCLUSION  | 

o 

We  have  observed  direct  evidence  of  the  nonlinear  re-  z 
tractive  index  grating  responsible  for  one-dimensional 
phase  conjugation  of  microwaves.  The  temporal  decay 
of  the  return  signal  agrees  with  previous  measurements 
for  the  artificial  Kerr  medium  used,  confirming  its  pro¬ 
duction  by  four-wave  mixing  and  hence  its  phase  conju¬ 
gate  nature.  We  are  currently  pursuing  the  possibility  of 
detecting  simultaneous  microwave  phase  conjugation  in-  Fl*- 3- 
side  a  waveguide  via  polarization  discrimination  to 
separate  the  pump  and  conjugate  signals  [10].  Three- 
dimensional  phase  conjugation  using  free  space  propaga¬ 
tion  is  also  cunendy  under  investigation. 


TIME  (sec) 

Normalized  phase  conjugate  signal  as  a  function  of  time.  The  decay 
of  the  signal  corresponds  to  the  relaxation  of  grating  formed  by  the 
particles  to  their  equilibrium  positions. 
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Fig.  2.  Schematic  diagram  of  the  experimental  setup. 
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ABSTRACT 

The  electron  cyclotron  effective  mass  in 

CdTe  was  measured  with  photons  having  energy 

ranging  from  12  to  250  cm**.  The  expected 

dramatic  decrese  of  the  mass  when  the  photons 

energy  exceeds  that  of  the  LO  phonons  is  shown 

for  the  first  time.  Accurate  measurements  at  4K 

were  made  possible  by  a  free  carrier  persistent 

effect  occuring  in  the  samples  investigated.  The 

magnetic  field  resonance  values  at  various  photons 

excitation  energies  were  fitted  by  using  a  recent 

accurate  calculation  of  the  magnetooptic 

absorption  by  Peeters  and  Devreese.  This  new 

theory  produces  a  good  fit  with  the  data  when 

taking  the  electron  Frolich  constant  value  o<  =  0.3 

and  adjusting  the  band  mass  to  the  value 

m^  =  0.092  mg.  Previous  results  and  theory 

favours  the  values  c<  =  0.4  and  m.  =  0.089m  . 

□  o 

INTRODUCTION 

Cadmium  Telluride  is  recognized  as  the  most 
suitable  semiconductor  material  to  study  the 
polaron  effect  which  originates  from  the  electron 
coupling  to  the  LO  phonons.  This  effect  gives  rise 
to  the  polaron  (electron  +  lattice  distorsion)  having 
a  mass  value  higher  than  the  electron  band  mass 
in  absence  of  coupling. 

The  relevant  parameter  to  be  measured  is 
the  cyclotron  mass  performed  by  exciting  the 
cyclotron  resonance  with  radiation  ranging  from  a 
few  wavenumber  to  well  above  the  LO  phonon 
wavenumber  j)  ,  Q  =  171  cm'*.  However  previous 
experiments  (1,  2)  failed  to  measure  above  the  LO 
phonon,  missing  the  interesting  frequency  range 
were  the  cyclotron  effective  mass  should  exhibit  a 
substantial  decrease.  The  resonant  magnetic  fields 
are  above  the  crossing  value  B^q  for  wich  the 


LO  phonon  energy  equals  the  cyclotron  energy 
in  absence  of  coupling.  In  addition,  only  recently 
it  exists  a  realistic  model  developed  by  Peeters 
and  Devreese  (hereafter  PD)  accurate  enough  to 
account  for  the  effective  mass  value  in  the 
whole  range  of  magnetic  fields. 


The  experimental  difficulty  is  twofold. 
First  the  magnetic  field  crossing  value  is 

16.8  teslas,  therefore  magnetic  fields  in  the  40 
teslas  range  are  required.  Second  the  exciting 
radiation  energy  falls  above  170  cm”*  where 
infared  sources  poorly  exist.  The  new 
magnetooptic  spectrometer  built  at  Toulouse 
enables  to  overcome  part  of  the  problems  (3). 
Finally  high  purity  ingots  having  an  ionized 
free  carriers  density  N^-N^  =  10  crn  were 
grown  at  the  CNRS-Meudon  Laboratory.  Theses 
samples  offer  the  advantage  of  a  persistent 
effect  giving  at  helium  temperatures  after  band 
gap  illumination  a  free  carriers  density  above 
10  ^cm’*  (4).  At  4K  the  mobility  is  value  high 
enough  than  to  give  rise  to  Landau 

quantization  even  at  very  low  magnetic  fields 
values.  Consequently,  sharp  resonance  signals 
were  obtained  corresponding  to  the  transition 
from  N  =  0  to  N  =  I  Landau  Level.  Accurate 


determinations  of  the  cyclotron  masses  with 
exciting  radiation  at  the  frequencies  LO  are 
simply  obtained  with  the  relation 
m  =eB/  vj  ,  were  B  is  the  resonant 
magnetic  field.  The  band  electron  mass  m^  at 
the  band  edge  could  be  deduced  by  the  relation 
m  =  mb  0+!g)  which  is  accurate  for©^«  1. 

is  the  electron-LO  phonon  coupling  constant 
m  is  the  measured  cyclotron  mass  in  the 
limit  of  low  energy  of  exciting  photons.  One  should 


recall  the  Frolich  coupling  constant  expression  : 
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£  Qand  f-  r  are  the  static  and  high  frequency 
dielectric  constants.  In  CdTe  S0  =  9.4  -  10.6, 
£  oo  =  7.1- 7.^  °<-  .0.22  -  0.35. 

RESULTS  AND  DISCUSSION 


-  Fig.l  displays  cyclotron  absorption  signals 
for  several  wavelength  values  of  the  exciting 
radiation  at  the  temperature  10  K.  The-  resonance 
at  20.7  teslas  is  excited  with  the  41  jum 
wavelength  radiation  having  a  frequency  higher 
than  the  LO  phonons.  A  broadening  and  a 
decrease  of  the  absorption  occurs  above  the 
crossing  field  B^q. 

-  Fig.2  shows  the  measured  effective  mass 

value  at  various  magnetic  fiels.  The  vertical 

dashed  line  indicates  the  crossing  field  value  BLQ 

at  which  the  LO  phonon  and  the  electron 

cyclotron  frequency  (not  the  polaron)  are  the 

same.  Previous  experimental  points  obtained  by 

Waldman  et  al  and  by  Mears  et  al  are  also 

reported.  The  solid  line  is  a  theoretical  fit  of  our 

data  by  Peeters  and  Devreese  when  taking  the 

coupling  constant  o C  =  0.3.  They  found  the 

electron  band  mass  value  m.  =  0.092m  at  the 

b  o 

band  edge  (5).  The  PD  approach  calculates  the  CR 
absorption  spectrum  using  the  real  part  of  the 
conductivity  tensor  expressed  in  terms  of  a 
memory  function  (  6  ).  Earlier  theoretical 
calculations  by  Larsen  understimated  the  polaron 
correction.  A  higher  value  of  =  0,4  was 
necessary  to  achieve  the  best  fit  of  Waldman  et 
al  results  (  2.  ). 

In  conclusion,  we  expect  that  in  the  near 
future  more  data  points  above  BLQ  become 
available.  In  this  case,  it  is  likely  that  both  the 
band  mass  parameters  and  the  Frolich  constant 
could  be  adjusted  for  the  best  fit  of  data.  If  so, 
a  narrower  range  of  appropriate  values  of 
would  give  a  higher  accuracy  for  the  dielectric 
constant. 
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Figure  I 

CR  Transmission  signals  measured  at  10  K  in 
CdTe.  The  insert  shows  a  schematic  view  of  the 
spectrometer. 


Figure  2 

Experimental  results  and  theoretical  calculation 
of  the  polaron  effective  mass  versus  magnetic 
field  in  CdTe  (after  3.T.  Devreese  and  F.M. 
Peeters,  ref .5). 
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ABSTRACT 

Extensively  systematic  studies  of  the  cyclo¬ 
tron  resonance  linewidth  in  the  quantum  limit  have 
been  performed  on  electron-phonon  scattering  in 
basic  semiconductors  (  Ge,  CdS,  GaAs  ).  Far-infra¬ 
red  (  119  to  513  pn  )  laser  cyclotron  resonance 
experiments  have  been  carried  out  in  photo-excita¬ 
tion  by  pulsed  band  gap  light  or  in  thermal  exci¬ 
tation,  Ke  present  the  temperature  and  magnetic 
field  dependences  of  cyclotron  resonance  linewidth 
for  electron-phonon  scattering  in  the  quantum 
limit  with  respect  to  various  samples. 

INTRODUCTION 

Cyclotron  Resonance  Line-Width  (  CRLW  )  is 
directly  connected  with  the  information  of  trans¬ 
port  relaxation  mechanism  of  carriers.  It  repre¬ 
sents  the  total  sum  of  transport  relaxation  proba¬ 
bilities  from  various  scatterings.  As  the  cyclo¬ 
tron  resonance  is  a  resonant  absorption  of  AC 
electric  field  in  magnetic  field,  the  quantum 
effect  due  to  magnetic  field  is  expected  on  trans¬ 
port  relaxation  of  carriers.  If  the  electron  gas 
is  non-degenerate,  the  threshold  of  the  quantum 
effectwill  be  ~  kgT  (uj.:  cyclotron  angular 
frequency  and  T:  temperature).  In  the  classical 
limit  "hu^«  k0T,  a  large  number  of  cyclotron  reso¬ 
nance  experimental  studies  have  been  reported  at 
microwave  frequencies,  particularly  those  in  Ge 
and  Si  111(21.  The  relaxation  time  derived  from 
CRLW  has  been  describable  by  the  prediction  from 
DC  transport  theory  in  the  absence  of  a  magnetic 
field. 

In  the  quantum  limit k^T,  the  effect  of 
the  magnetic  field  cannot  be  neglected.  Semi- 
classical  treatment  is  unsatisfactory  and  a  quan¬ 
tum  statistical  one  is  required.  There  have  been 
extensive  experimental  theoretical  studies,  par¬ 
ticularly  for  the  ionized  impurity  scattering  in 
InSb.  Experimental  and  theoretical  aspects  are 
frequently  inconsistent  and  even  internally  con¬ 
tradictory  to  each  other.  Accordingly,  extensively 
systematic  experimental  studies  are  long  hoped  for 
in  basic  semiconductors.  Meyer(3)  first  pointed 
out,  in  the  quantum  regime,  that  CRLW  for  acoustic 
deformation  potential  scattering  could  not  be 
explained  by  the  classical  transport  relaxation 
time  and  intuitively  deduced  quantum  formulae 
assuming  that  transport  relaxation  time  in  the 
quantum  limit  was  determined  by  inter-Landau  level 
scattering  from  n=l  to  0  (  n:  Landau  quantum 
number).  Arora-Spector ( 4 )  and  Suzuki  et  al.(5) 
obtained  equivalent  results  to  each  other  apart 
from  a  constant  multiplying  factor  for  the  same 
scattering  using  density  operator  and  proper  con¬ 
nected  diagram  expansion  methods,  respectively, 
assuming  elastic  and  intra-Landau  level  scatter¬ 
ings  from  n=0  to  0  and  n=l  to  1.  subsequently 
Suzuki-Dunn{6)  removed  the  assumption  of  elastic 
scattering  by  taking  numerical  analysis,  saitoh- 
Kawabata  (7)  obtained  a  formula  for  acoustic 
piezo-electric  scattering  with  the  help  of  Mori's 
projection  operator  method. 


We  present  CRLW  in  the  quantum  limit  for  both 
acoustic  deformation  potential  and  acoustic  piezo¬ 
electric  scatterings  in  Ge,  CdS  and  GaAs  as  a 
function  of  temperature  and  magnetic  field  for 
various  samples.  Analysis  of  CRLW  in  GaAs  contains 
impurity  and  carrier-carrier  scatterings  as  well 
as  phonon  scatterings,  since  the  former  ones  can¬ 
not  be  neglected  for  employed  GaAs  samples.  De¬ 
tails  of  impurity  and  carrier-carrier  scatterings 
are  given  in  the  next  paper[8). 


EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 

The  CRLW  or  the  inverse  relaxation  time 
caused  by  various  scatterings  has  been  derived 
making  use  of  the  following  relation: 

P  5  l/<r>=  tt)c/lB/2Bf  a) 

where  U>c=eBr/m*c  with  the  effective  mass  of  con¬ 
duction  electron  m  ,  IB  the  cyclotron  resonance 
half-width  and  B  the  resonance  magnetic  field. 
The  brackets  denotes  an  appropriate  thermal  aver¬ 
age. 

Figure  1  shows  the  temperature  dependence  of 
the  inverse  relaxation  time  in  pure  Ge  for  a 
wavelength  of  119  (im  in  photo-excitation  by  a 
xenon  flash  lamp.  The  impurity  concentration  of 
employed  pure  Ge  sample  is  such  that  Nft-ND=1012 
cm  ,  where  NA  is  the  acceptor  and  nd  the  donor 
concentration(9).  The  contribution  of  carrier- 
carrier  scattering  has  been  excluded  by  taking 
signal  at  a  sufficiently  long  interval  between 
photo-excitation  and  aperture,  where  CRLW  becomes 
constant  in  time.  Therefore  we  expect  that  acous¬ 
tic  deformation  scattering  is  dominant  under  the 
condition  we  have  carried  out  experiments.  As  seen 
from  Fig.  1,  the  inverse  relaxation  time  for 
acoustic  deformation  potential  scattering  is 
larger  in  the  quantum  limit  than  the  classical 
limit  and  proportional  to  temperature. 

Figure  2  indicates  the  temperature  dependence 
of  the  inverse  relaxation  time  in  n-CdS  for  a 
wavelength  of  220jitm  in  photo-  and  thermal  excita^ 
tions.  Acoustic  piezo-electric  scattering  is  sup¬ 
posed  to  be  dominant  in  CdS  because  of  large 
piezo-coupling  constant.  Certainly  for  CdS,  it  is 
known  that  this  scattering  is  more  dominant  than 
acoustic  deformation  potential  one  from  DC  Hall 
measurements.  The  contribution  from  impurity  and 
carrier-carrier  scatterings  seems  to  be  small  in 
comparison  with  one  from  acoustic  piezo-electric 
scattering.  Indeed  we  have  observed  that  CRLW  of 
former  scatterings  is  almost  independent  of  tem¬ 
perature.  As  shown  from  Fig.  2,  the  inverse  relax¬ 
ation  time  for  acoustic  piezo-electric  scattering 
is  nearly  proportional  to  temperature  like  acous¬ 
tic  deformation  potential  scattering. 

Figure  3  shows  the  temperature  dependence  of 
the  inverse  relaxation  time  in  n-GaAs  for  a  wave¬ 
length  of  119|im  in  thermal  excitation.  The  impu¬ 
rity  concentration  is  such  that  t!D=5.5xl015cm_3 
and  i!A=1.5xlOi5cm-  .  Designated  "  ND,  C-C,  II,  DP, 
PE  and  20  "  indicates  the  neutral  donor,  carrier- 
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carrier,  ionized  impurity,  acoustic  deformation 
potential,  acoustic  piezo-electric  and  polar  opti¬ 
cal  phonon  scatterings,  respectively.  The  assump¬ 
tion  of  linear  temperature  dependence  of  the  in¬ 
verse  relaxation  tines  for  both  acoustic  deforma¬ 
tion  potential  and  acoustic  piezo-electric  scat¬ 
terings  in  the  quantum  limit  reproduce  our  experi¬ 
mental  results.  Other  parameter  dependences,  eg, 
magnetic  field,  different  samples,  for  phonon 
scatterings  will  be  presented  and  discussed  in  the 
later  proceeding.  Magnetic  field  dependence  of  the 
inverse  relaxation  time  is  given  in  Fig.  4  on  a- 
coustic  deformation  potential  scattering  in  the 
quantum  limit. 
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TEMPERATURE  (  K  ) 

Fig.  1  Dependence  on  temperature  of  the  inverse 
relaxation  time  is  taken  between  10  and  160  K  in 
pure  Ge  sample  at  <111>  magnetic  field  direction 
for  a  wavelength  of  119  pm  in  photo-excitation. 


TEMPERATURE  (K) 


Fig.2  Temperature  pendence  of  the  inverse 
relaxation  time  between  4.7  and  60  K  in  n-CdS 
sample  at  magnetic  field  direction  parallel  to  c- 
axis  for  a  wavelength  of  220pm  in  both  photo-  and 
thermal  excitation. 


TEMPERATURE  (K) 


Fig. 3  Temperature  dependence  of  the  inverse 
relaxation  time  between  13  and  180  K  in  n-GaAs 
sample  for  a  wavelength  of  119  pm  in  thermal 
excitation. 


MAGNETIC  FIELD  (  k  G.  ) 


Fig. 4  Magnetic  field  dependence  of  the 

inverse  relaxation  time  in  pure  Ge  sample  at  the 
<111>  magnetic  field  direction  for  a  wavelength  of 
513,  433,  419,  394,  295,  220,  172  and  119  pm  at  20 
K. 
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ABSTRACT 

Contribution  of  impurity  scattering  to  the 
electron  cyclotron  resonance  linewidth  (inverse 
relaxation  time)  has  been  studied  in  the  quantum 
limit,  after  subtracting  the  contribution  cf 
phonon  scattering,  for  typical  semiconductors  Ge, 
GaAs  and  InSb.  To  our  surprise,  dependence  of 
inverse  relaxation  time  on  temperature,  magnetic 
field  and  impurity  concentration  is  the  same  for 
neutral  and  ionized  impurities. 

INTRODUCTION 

Linewidth  of  cyclotron  resonance  is  comprised 
by  phonon  scattering  and  impurity  scattering.  Now 
that  the  contribution  of  phonon  scattering,  to  be 
more  exact  acoustical  deformation  potential  phonon 
scattering,  has  been  precisely  determined  (1),  it 
is  easy  to  discuss  the  behavior  of  impurity  scat¬ 
tering.  The  genuine  contribution  of  impurity 
scattering  can  be  derived  simply  by  subtracting 
the  phonon  scattering  contribution  from  the  observ¬ 
ed  linewidth.  At  low  temperatures,  where  the 
quantum  limit  condition  Ti(Uc»  kBT  all  the  more 
prevails,  the  free  carriers  can  generally  be  pro¬ 
duced  only  by  band-gap  photoexcitation.  The  free 
carriers  thus  produced  promptly  neutralize  the 
impurities.  Thus  the  impurity  scattering  is 
generally  due  to  neutral  impurities.  At  higher 
temperatures,  free  carriers  can  be  generated 
thermally  from  the  impurity  sites,  which  are  left 
in  ionized  states.  Then  one  can  observe  cyclotron 


Fig.  1.  Magnetic  field  dependence  of  the 

electron  inverse  relaxation  time  due  to 
neutral  impurities  obtained  for  two  n-type 
GaAs  samples  (GaAs-1:  Nd=7.5x1014chT3, 
NA=5.0xl0l4cm-3;  GaAs-3:  ND=1.5xl015cm'3, 
N^l.OxlO^Scm-3) .  Horizontal  lines 
indicating  "Erginsoy"  are  field  independ¬ 
ent  classical  predictions  [3). 


Fig.  2.  Concentration  dependence  of  the 
electron  inverse  relaxation  time  due  to 
neutral  donors  (.open  circles)  and  accept¬ 
ors  (solid  circles) .  Solid  lines  are 
classical  predictions  for  donors  (Erginsoy) 

[3]  and  acceptors  (Otsuka  et  al.)(2,4). 

resonance  without  the  help  of  band-gap  photoexcit¬ 
ation  and,  at  the  exhaustion  range,  all  we  are 
observing  is  the  ionized  impurity  scattering. 

What  is  said  above  is  the  general  argument. 
There  exists,  of  course,  exception.  Typically, 
InSb  is  a  material  in  which  total  neutralization 
of  impurities  is  hard  even  by  band-gap  photoexcit¬ 
ation.  This  character,  however,  offers  us  an 
advantage  of  seeing  difference  between  attractive 
and  repulsive  electron  scatterings. 

EXPERIMENTAL 

Experimental  details  are  more  or  less  the 
same  with  the  preceding  paper.  Far-infrared  laser 
wavelength  varies  519  to  119  (578  to  2521  GHz) . 

Time  resolution  technique  has  been  essential  to 
avoid  the  carrier-carrier  scattering.  Germanium 
crystals  have  been  those  doped  only  with  antimony. 
Gallium  arsenide  samples  are  both  n-  and  p-type 
with  different  impurity  concentrations.  Indium 
antimonide  saple  is  an  almost  fully  compensated 
n-type  one. 

NEUTRAL  IMPURITIES 

For  studying  neutral  impurity  scattering, 

GaAs  has  been  employed.  With  Ge,  it  is  difficult 
to  secure  low  cyclotron  mass  electrons  enough  to 
observe  a  good  cyclotron  resonance  signal  at  low 
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Fig.  3.  Temperature  dependence  of  the 
electron  inverse  relaxation  time  due  to 
ionized  impurity  scattering  from  an  Sb- 
doped  Ge  sample,  without  photoexcitation, 
for  three  FIR  wavelengths.  Contribution 
of  phonon  scattering  has  been  subtracted. 

temperature  and  high  field  on  account  of  the 
valley  elevation.  Magnetic  field  dependence  has 
been  observed  for  two  n-type  samples  with  differ¬ 
ent  donor  concentrations  (Fig.  1) .  Concentration 
dependence  is  shown  both  for  donors  and  acceptors 
(Fig.  2) .  So  far  no  dependence  on  temperature  has 
been  observed.  The  dramatic  size  difference  bet¬ 
ween  electron-donor  and  electron-acceptor  scatter¬ 
ing  observed  in  classical  (millimeter  wave)  cyclo¬ 
tron  resonance  (2,4]  is  carried  over  to  the 
quantum  limit.  The  effect  of  the  magnetic  field 
in  the  form  of  B"l/2  is  quite  obvious. 

IONIZED  IMPURITIES 

Antimony-doped  Ge  crystals  are  heated  to 
yield  the  extrinsic  electron  cyclotron  resonance. 
Inverse  relaxation  time  due  to  scattering  by  ion¬ 
ized  donors  (and  electrons)  is  plotted  in  Fig.  3 
against  temperature  for  three  FIR  wavelengths.  The 
flat  portion  at  higher  temperatures  corresponds  to 
the  exhaustion  range.  Magnitude  of  the  inverse 
relaxation  time  drops  to  that  by  neutral  impuri¬ 
ties  at  low  temperatures  below  10  K,  where  signals 
are  not  obtained.  Ionized  impurity  scattering  is 
seem  more  prominent  at  longer  wavelength  (lower 
field) .  Concentration  dependence  is  found  linear. 
We  obtain  NB_1/2T0  dependence. 

In  the  case  of  InSb,  our  crystal  contains 
almost  equal  number  of  ionized  donors  and  ionized 
acceptors.  Nevertheless,  the  magnetic  field  and 
temperature  dependence  is  found  exactly  the  same 
with  the  Ge  case  where  only  ionized  donors  are 
present.  The  magnetic  field  dependence  is  shown 
in  Fig.  4. 

CONCLUSIONS 

In  the  quantum  limit  (TW_>^kgT)  cyclotron 
resonance,  we  have  seen  T°B-1/2n  dependence  of  the 
inverse  relaxation  time  due  to  impurity  scattering 
both  for  neutral  and  ionized  impurities.  The 
effect  of  ionized  impurities  is  by  more  than  an 


order  of  magnitude  larger  than  that  of  neutral 
impurities.  Size  difference  between  donor  and 
acceptor  scatterings  is  conserved  for  neutral  imp¬ 
urities  even  in  the  quantum  limit.  Magnetic  field 
dependence  of  impurity  scattering  is  opposite  to 
that  of  phonon  scattering  (1).  So  it  is  not  sur¬ 
prising  to  have  a  minimum  in  magnetic  field  de¬ 
pendence  if  we  measure  the  linewidth  for  an  appro¬ 
priately  doped  sample  and  at  an  appropriate  temp¬ 
erature. 
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Fig.  4.  Magnetic  field  dependence  of  the 
electron  inverse  relaxation  time  due  to 
ionized  impurities  (both  donors  and  accept¬ 
ors)  in  a  heavily  compensated  InSb.  Free 
carriers  have  been  available  only  by  weak 
photoexcitation . 
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ABSTRACT 

Picosecond  transient  radiation  from  optoclcctronically  pulsed 
integrated  antennas  is  used  for  coherent  microwave 
spectroscopy  in  the  10  to  125  Gib.  frequency  range.  The 
experimental  apparatus  is  characterized  using  samples  with 
predictable  loss  and  dispersion  properties.  We  present  meas¬ 
urements  of  the  frequency  dependent  absorption  coefficient 
and  refractive  index  of  materials  performed  using  this  set-up. 

INTRODUCTION 

Traditionally,  the  microwave  dielectric  properties  of  ma¬ 
terials  arc  measured  at  discrete  frequencies  where  sources  and 
related  hardware  arc  available  using  techniques  such  as  the 
cavity  perturbation  method  [1],  The  data  is  then  inter-  and 
extrapolated  for  use  at  other  frequencies.  While  these  meth¬ 
ods  have  been  used  for  many  years,  they  are  time  consuming 
and  require  a  different  sample  configuration  for  each  fre¬ 
quency.  This  is  becoming  a  more  acute  problem  in  recent 
times  as  electronic  devices  arc  demonstrating  risetimes  of  less 
than  10  ps,  and  the  frequencies  ofintercst  cover  a  wide  range 
(10-100  GHz).  Several  new  insulators  arc  being  investigated 
for  use  in  these  circuits,  as  well  as  in  the  packaging  structures 
used  to  interconnect  them.  In  both  cases  the  performance 
critically  depends  on  the  dielectric  properties  of  these  materi¬ 
als.  In  this  paper  we  describe  a  new  technique  for  making 
broadband  dielectric  measurements  in  the  10  to  125  Gib. 
frequency  range  using  a  single  experimental  set-up.  The  co¬ 
herent  microwave  transient  spectroscopy  (COM1TS)  is  per¬ 
formed  using  the  picosecond  transient  radiation  from 
optoclcctronically  pulsed  broadband  integrated  antennas.  A 
COM  ITS  experiment  consists  of  transmitting  and  receiving 
antenna  structures  with  the  sample  to  be  characterized  lo¬ 
cated  between  them. 

EXPERIMENTS  AND  RESULTS 

We  use  exponentially  tapered  coplanar  striplinc  antennas 
in  our  experiments.  [2J.  They  arc  particularly  useful  for  the 
application  discussed  here  due  to  their  broad  bandwidth,  their 
directivity,  and  their  transmission  line  nature.  The  antennas 
arc  fabricated  by  iifl-off  lithography  on  0.5  /mi  thick  epitaxial 
silicon  layers  on  430  ntn  thick  sapphire  substrates  (Fig.  1 ). 

'I  he  uniform  coplanar-strip  fccdlinc,  4  mm  in  length  with  5 
/tin  wide  lines  separated  by  a  10  /mi  gap,  is  terminated  at  one 
end  by  bonding  pads.  I  he  other  end  of  the  transmission  line 
is  prolonged  by  an  exponential  flare  which  forms  the  antenna 


part  of  the  structure.  In  order  to  reduce  the  carrier  lifetime, 
the  silicon  cpilaycr  is  heavily  implanted  with  0 1  ions.  Ion 
energies  of  100  and  200  kcV  at  implant  doses  of  10'5  cm2  arc 
used  [3]. 

The  transient  radiation  properties  of  the  antennas  de¬ 
scribed  above  were  investigated  and  the  results  arc  presented 
here.  We  also  characterized  the  dependence  of  the  antenna 
bandwidth  on  its  geometry,  the  Il-planc  radiation  pattern  and 
the  polarization  of  the  radiation  [4].  The  experiments  arc 
carried  out  in  the  following  manner:  two  identical  antennas, 
the  transmitter  and  the  receiver,  face  each  other,  and  arc 
separated  by  a  fixed  distance.  A  5  V  bias  is  supplied  to  the 
transmitter;  the  receiver  is  unbiased.  The  exciting  optical 
pulses  of  2.5  ps  duration  at  a  100  Mlb.  repetition  rate  arc 
obtained  from  a  mode-locked,  pulse-compressed,  and 
frequency-doubled  Nd:YAG  laser.  The  532  nm  wavelength 
output  beam  has  an  average  power  of  250  mW  and  is  split 
into  two  beams  of  equal  intensity.  The  first  beam  (pump)  is 
focused  on  the  fccdlinc  of  the  transmitter,  close  to  the  edge 
of  the  antenna  part.  There  it  generates  the  electrical  transient 
which  radiates  as  it  propagates  in  the  antenna  section.  The 
second  optical  beam  (probe)  is  delayed  with  respect  to  the 
pump  by  a  variable  amount,  and  is  focused  at  the  edge  or  the 
antenna  part  in  the  receiver.  The  transient  voltage  induced 
by  the  received  field  is  measured  as  a  function  of  time  by 
photoconductivc  sampling.  Mechanical  chopping  of  the 
pump  beam  and  standard  lock-in  detection  arc  used  to  re¬ 
cover  the  signal.  The  two  antennas  arc  separated  by  4  cm  for 
the  results  presented  here.  The  observed  1/r  dependence  of 
the  received  signal  verifies  that  at  this  spacing  the  receiver  is 
in  the  far-ficld  region  of  the  transmitter.  A  typical  received 
waveform  is  shown  in  Fig.2.  The  amplitude  spectrum  of  the 
received  signal,  obtained  by  Fouiicr  transforming  the 
temporal  data,  is  plotted  in  inset.  Its  frequency  components 
extend. up  to  150  GHz,  and  tend  to  zero  at  low  frequency, 
which  is  expected  since  dc  signals  cannot  be  radiated  in  the 
far-ficld. 

^  l  or  a  standard  coherent  microwave  spectroscopy 
(COM I  IS)  measurement  a  refcrc  ice  recording  is  first  taken 
without  any  sample  between  the  t  -  mittcr  and  the  receiver 
(sec  I‘ig.1).  Subsequently  the  sample,  with  a  cross  section 
exceeding  that  of  the  receiving  pattern,  is  introduced  close  to 
the  receiver  and  a  second  recording  is  taken,  ’flic  two  sets 
of  temporal  data  arc  then  Fourier-transformed  and  the  sec¬ 
ond  spectrum  is  divided  by  the  reference  to  obtain  the  com¬ 
plex  amplitude  transmission  function  of  the  sample.  Since 
the  measured  voltage  is  proportional  to  the  electric  field,  both 
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the  amplitude  A(i)  and  the  phase  <1>(I)  of  the  transmission 
function  are  obtained  experimentally.  The  former  yields  the 
absorption  of  the  sample  and  the  latter  gives  its  dispersion. 

We  use  two  different  samples  with  well  known  and  pre¬ 
dictable  behavior  to  characterize  the  spectroscopy  apparatus. 
First,  a  100  A  thick  titanium  film  evaporated  on  a  125  pm 
thick  glass  slide  was  used  as  a  sample.  As  might  be  expected 
for  a  thin  metal  film  on  a  transparent  substrate,  the  measured 
amplitude  A(f)  and  phase  <T>(f)  spectra  decrease  with  in¬ 
creasing  frequency,  A(0  because  of  the  skin  efTcct  losses  in 
the  metal,  and  <I>(f)  primarily  because  of  the  phase  delay  in 
the  glass  substrate.  We  then  used  a  Fabry-Perot 
interferometer,  built  with  two  of  the  Ti  coated  glass  slides 
described  previously,  as  the  sample,  'flic  transmission  func¬ 
tion  (amplitude  and  phase)  for  a  Fabry-Perot  interferometer 
with  d  =  5  mm  is  shown  in  Fig.3.  The  maxima  in  the  am¬ 
plitude  spectrum,  and  the  corresponding  variations  in  the 
phase  follow  the  expected  behavior  for  the  electric  field 
transmission  function.  The  overall  decrease  of  the  envelope 
of  A(f)  and  <P(f)  with  frequency  is  expected  from  the  increas¬ 
ing  metal  losses  at  high  frequencies.  Finally,  since  the 
reflectivity  of  the  metal  films  increases  with  frequency,  the 
modulation  depth  of  A(f)  should  also  increase,  which  is 
clearly  observed  in  Fig.3.  The  transmission  spectra  of  Fabry 
Perot  interferometers  with  other  spacings  exhibit  the  above 
behavior  as  well. 

This  spectroscopy  apparatus  has  been  used  to  make 
measurements  of  the  dielectric  properties  of  several  materials. 
The  results  of  these  measurements  will  be  presented.  For  in¬ 
stance,  wc  measured  the  microwave  refractive  index  of  fused 
silica  to  be  1.94  ±1%  from  10  to  125  GHz.  This  is  consistent 
with  earlier  data.  The  experimental  set-up  is  particularly 
useful  for  measuring  the  dielectric  properties  of  low  ioss  ma¬ 
terials,  many  of  which  are  of  interest  for  the  fabrication  of 
high-speed  circuits. 


SUMMARY 

In  summary  we  have  described  broadband  coherent 
microwave  spectroscopy  experiments  using  the  transient  ra¬ 
diation  from  optoclcctronically  pulsed  antennas.  The  effec¬ 
tiveness  of  this  set-up  for  measuring  the  dielectric  properties 
of  materials  over  a  wide  frequency  range  in  the  microwave 
and  millimeter  wave  spectrum  is  demonstrated  using  inters 
with  predictable  behaviour.  Though  all  the  experiments  de¬ 
scribed  in  this  paper  are  done  in  transmission,  reflection 
spectroscopy  experiments  can  also  be  carried  out  by  placing 
two  antennas  in  front  of  the  sample  and  exciting  them  as  de¬ 
scribed  above.  In  terms  of  spectral  range,  our  COMITS 
technique  is  complementary  to  other  existing  methods,  and 
is  of  immediate  technological  interest  for  the  measurement 
of  the  dielectric  properties  of  materials  used  in  the  microe¬ 
lectronics  industry. 

Wc  acknowledge  several  illuminating  discussions  with 
Professor  J.R.  Whinnery  of  the  University  of  California,  and 
Professor  D.B.  Rutledge  of  the  California  Institute  of  Tech¬ 
nology. 
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Figure  2.  Received  waveform  with  no  sample  between  the 
transmitter  and  the  receiver.  The  corresponding 
amplitude  spectrum  is  shown  in  inset.  Only  the 
dots  correspond  to  experimental  data,  the  con¬ 
tinuous  line  is  a  guide  u>  the  e\e 


FREQUENCY  (GHi) 

Figure  3.  Amplitude  and  phase  of  the  transmission  func¬ 
tion  of  a  Fabry-P6rot  interferometer  with  the 
two  reflecting  surfaces  5  mm  apart.  Only  the 
dots  correspond  to  experimental  data,  the  con¬ 
tinuous  lines  are  a  guide  to  the  eye. 
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ABSTRACT 

The  effects  on  pulse  propagation  at 
millimetre  wavelengths  of  both  atmospheric 
absorption  and  dispersion'  are  calculated.  For 
sub-nanosecond  pulses,  severe  broadening  of  the 
pulse  occurs  at  frequencies  near  to  atmospheric 
absorption  lines,  whilst  around  the  centres  of 
such  lines,  in  regions  where  the  second 
derivative  of  the  absorption  coefficient  is 
negative,  pulse  compression  is  found  to  occur. 
Furthermore,  the  frequency  at  which  maximum 
energy  in  the  pulse  is  received  shifts  from  the 
carrier  frequency  towards  regions  of  lower 
atmospheric  attenuation,  while  the  pulse  itself 
acquires  a  modulation  in  the  form  of  a  chirp 
frequency. 

INTRODUCTION 

The  propagation  through  the  Earth's 
atmosphere  of  continuous-wave  (CW)  or  narrow- 
bandwidth  signals  in  the  microwave  and 
millimetre-wavelength  regions  of  the 
electromagnetic  spectrum  has  been  the  subject  of 
much  investigation  during  recent  years,  leading 
to  the  development  of  propagation  models  which 
can  now  provide  a  reasonably  accurate 
description  of  the  effects  of  the  clear 
atmosphere  on  the  transmission  of  such 
electromagnetic  waves,  for  example  [I], 

In  contrast  to  these  extensive  studies, 
however,  rather  less  attention  has  been 
directed,  in  the  open  literature,  towards  the 
propagation  of  pulsed  or  wideband  signals,  the 
applications  of  which  would  include  high 
data-rate  digital  communications  systems, 
high-resolution  radar  systems  and  those  systems 
employing  spread-spectrum  techniques.  Recent 
advances  in  the  development  of  components  and 
devices,  stimulated  by  spectrum  congestion  at 
lower  frequencies  and  requirements  for  covert 
systems  operation,  are  now  making  feasible  such 
applications  in  the  millimetre-wavelength 
regions  of  the  electromagnetic  spectrum. 

At  such  wavelengths,  the  clear  atmosphere  can 
impose  significant  constraints  on  the 
transmission  of  signals,  through  interactions 
with  the  polar  molecules  of  oxygen  and  water 
vapour,  not  only  in  terms  of  signal  attenuation, 
now  generally  well  understood,  but  also  in  terms 
of  signal  dispersion,  which  introduces  a 
frequency  dependent  propagation  delay.  These 
effects  can  vary  significantly  over  the  wide 
signal  bandwidths  required  by  very  short  pulses; 
thus,  the  spectrum  of  the  pulsed  signal  may 
experience  differential  attenuation  and 


dispersion  (i.e.  propagation  delay),  resulting 
in  distortions  in  the  received  pulse  waveform. 
These  distortions  can  appear  as  a  broadening  or 
compression  of  the  pulse,  through  variations  in 
group  velocity,  together  with  changes  in  the 
phase  of  signals  and  shifts  in  the  frequencv  at 
which  maximum  energy  is  received  (the  'mode" 
frequency) .  The  magnitude  and  sign  of  these 
effects  clearly  depend  on  the  particular  carrier 
frequency  being  transmitted. 

OUTLINE  OF  THEORY 

Consider  a  pulsed  signal  with  a  spectrum 
F(«),  transmitted  at  a  carrier  frequency  w  , 
travelling  through  the  Earth's  atmosphere, 
characterised  by  a  complex  propagation  constant 
Y.  The  envelope  of  the  received  pulse,  as  a 
function  of  time,  at  a  distance  L  from  the 
transmitter,  may  be  expressed  as  a  Fourier 
integral,  thus: 

F(w)  exp  {j(om)Q)  t-YL)  dw  (I) 
where  Y(u)  *•  <*(&>)  +  jB(w) 

and  ct  (to)  is  the  frequency-dependent  absorption 
coefficient,  B(w)  the  frequency-dependent 
phase-delay  coefficient. 

At  millimetric  wavelengths,  a  Gaussian 
pulse  shape  of  the  form  exp(-bt2),  where  b  is  a 
function  of  the  pulse  width,  can  be  assumed  as 
fairly  representative  of  very  short  pulses 
achievable  with  current  technology.  The 
frequency  spectrum  of  such  a  pulse  is  also 
Gaussian,  i.e. 

F(w)  -  exp  (^-)  (2) 

Forrer  [2],  and  later  Terina  [3],  have 
shown  that,  in  this  case,  the  Fourier  integral 
in  Equation  1  can  be  solved  in  closed  form  by 
assuming  that  the  absorption  and  phase-delay 
coefficients  can  be  expanded  as  a  Taylor  series 
around  the  carrier  frequency  w  ,  retaining  only 
the  first  three  terms,  e.g,  0 

cx(«)  *  a(w  )  +  o'(o)  )(w-w  )  +  i  a"(w  )  (w-w  )2 

0  O  O  L  o  o 

(3) 

where  the  primes  represent  the  first  and  second 
derivatives,  with  respect  to  frequency, 
evaluated  at  the  carrier  frequency.  Thus,  with 
the  condition  that  (1  +  2ba"L)  >  0,  the  solution 
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Is  found  of  the  form 

E(t*,L)  *=  exp  f-kb(t*+5)2]  exp  [-j (a>*t*+6) ]  (4) 

which  shows  that  the  received  pulse  envelope  is 
still  Gaussian  in  shape,  on  a  new  time  scale  t*, 
but  now  has  a  pulse  width  kb,  where 

.  _ 1  +  2bg”L _ 

(I  +  2ba',L)a  +  (2b8',L)a 

The  mode  frequency  w*,  given  by 

m*  »  (i)  +  Am  +  yc*  (6) 

o 

shows  that  the  frequency  at  which  maximum  energy 
is  received  has  shifted  by  an  amount  Am  and  now 
has  imposed  on  it  a  chirp  frequency  modulation 
X- 

RESULTS  OF  CALCULATIONS 

The  effects  of  attenuation  and  dispersion 
on  the  propagation  of  pulses  through  the  Earth's 
atmosphere  have  been  calculated  using  the 
Microwave  Propagation  Model  of  Liebe  [1]  to 
evaluate  the  attenuation  and  phase-delay 
coefficients  (a, 6)  and  their  derivatives.  A 
variety  of  pulse  widths,  ranging  from  0.1  ns  to 
2  ns  (at  the  10  dB  level)  have  been  considered. 


propagating  over  path  lengths  between  1  and  50 
km.  As  an  example.  Figure  1  shows  the  pulse 
distortion  (either  broadening  or  compression)  as 
a  percentage  for  0. 1  ns  and  2  ns  pulses 
propagating  over  a  path  of  10  km  at  carrier 
frequencies  between  10  and  200  GHz.  Pulse 
compression,  i.e.  k  <  1,  is  found  to  occur,  from 
Equation  (5),  when  o"  <  0,  i.e.  when  the  second 
derivative  of  the  attenuation  coefficient  is 
negative. 

Calculations  have  also  been  carried  out  to 
determine  the  shifts  in  mode  frequency  and  to 
evaluate  the  magnitude  of  the  chirp  frequencies, 
along  terrestrial  line-of-sight  paths,  while 
pulse  distortions  have  further  been  assessed  on 
Earth-space  paths  at  90°  and  10°  elevation. 
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Fig.  1.  Pulse  distortions,  as  a  percentage,  for  0.1  and  2  ns  pulsewidths 
and  a  propagation  path  of  10  km.  Note  the  change  of  scale  from 
logarithmic  to  linear  between  *  1  Z. 
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ABSTRACT 

This  paper  describes  the  results  of  an 
investigation  into  the  statistics  of  propagation 
measurements  made  at  millimetric,  infrared  and 
optical  wavelengths  over  a  500m  path.  The 
analysis  includes  an  evaluation  of  the 
distribution  of  attenuation  levels  and  rainfall 
rates  exceeded  during  the  12  month  period 
analysed,  together  with  an  examination  of  the 
distribution  of  fades  and  rainfall  rates  of 
various  durations  and  intensities,  and  the 
return  periods  between  such  events. 

INTRODUCTION 

At  millimetric  wavelengths  and  shorter,  the 
Earth's  atmosphere  imposes  numerous  constraints 
and  limitations  to  the  transmission  of  signals. 
Dominant,  and  well  known,  are  the  effects  of 
molecular  oxygen  and  water  vapour.  Numerous 
models  exist  to  enable  the  designer  of 
communications  and  other  systems  operating  at 
such  wavelengths  to  evaluate  with  acceptable 
precision  the  omnipresent  transmission  losses 
thus  imposed  by  the  propagation  medium. 

More  problematic,  however,  are  the 
additional  effects  of  hydrometeors,  in  the  form 
of  precipitation  and  fog.  Such  effects  are  not 
present  all  the  time  and  depend  particularly  on 
the  climate  and  prevailing  meteorology  at  the 
location  of  planned  systems.  To  facilitate 
systems  design,  attenuation  by  precipitation  is 
generally  considered  in  a  statistical  manner, 
rather  than  analytically,  particularly  as  rain, 
etc.,  are  stochastic  phenomena.  From  the 
standpoint  of  the  reliability  of  a 
communications  system,  it  therefore  becomes 
important  to  determine  a  fade  margin  appropriate 
to  a  specified  level  of  reliability,  generally 
in  the  form  of  a  level  of  attenuation  which  will 
be  exceeded  for  a  percentage  of  time,  over  a 
period  of  a  year,  for  example,  determined  by  the 
system  reliability  requirement. 

In  order  to  provide  such  information  at 
millimetre  wavelengths,  and  shorter,  the 
Rutherford  Appleton  Laboratory  has  operated  a 
500m  transmission  range  to  obtain  propagation 
and  relevant  meteorological  data  continuously 
over  long  periods  of  time. 

INSTRUMENTATION 

The  500m  range,  which  has  been  described  in 
detail  elsewhere  (1),  comprises  six  single-pass 
transmission  links  situated  4m  above  flat 
grassland,  operating  at  frequencies  of  37,  57, 


97  and  137  GHz,  with  vertical  polarization  and 
at  wavelengths  of  10.6pm  and  0.6pm  in  the 
infrared  and  optical  regions  respectively,  with 
random  polarization.  An  extensive  set  of 
meteorological  instruments  complement  the 

propagation  measurements  and  include  rapid- 
response  rain  gauges  at  three  locations  along 
the  path,  a  rapid-response  snow/hail  gauge, 
measurements  of  temperature  and  humidity  at  a 
variety  of  locations  and  heights  above  the 
ground,  a  distrometer  to  measure  the 

distribution  of  rain  drop  sizes,  a  microwave 
refractomeler,  surface  pressure  and  wind  speed 
and  direction. 

Data  from  all  sensors  and  links  are 
recorded  on  magnetic  tape  at  a  rate  of  0.1  Hz 
for  subsequent  calibration  and  analysis.  The 
links  are  calibrated  automatically  every  6 
hours  by  inserting  additional,  known,  levels  of 
attenuation. 

RESULTS 

The  data  are  being  analyzed  to  provide  a 
variety  of  statistical  results  of  relevance  and 
importance  to  the  planning  and  design  of  future 
communications  systems.  Basic  probability 
distributions  of  the  levels  of  attenuation  which 
have  been  exceeded,  of  the  type  shown  earlier 
(2)  are  now  available  for  longer  periods  of 
time,  covering  a  complete  12  month  period,  and 
have  been  supplemented  by  similar  distributions 
of  rainfall  rate  exceeded  during  the  period. 
Comparisons  of  such  data  yield  important 
information  on  the  relationships  between 
attenuation  at  the  various  frequencies  and 
rainfall  rates,  thus  yielding  an  insight  into 
the  interactions  between  electromagnetic  waves 
and  raindrops,  in  addition  to  facilitating  the 
scaling  of  statistical  data  at  one  frequency  to 
another,  higher,  frequency.  As  noted  earlier 
(2) ,  such  data  can  also  be  applied  to  the 
evaluation  of  the  relative  merits  of  the 
different  wavebands,  of  importance  to  the 
increasing  consideration  and  deployment  of 
multi-spectral  sensors. 

More  detailed  analyses  of  propagation  have 
further  been  carried  out  to  investigate  the 
probability  distributions  of  the  durations  of 
events  at  various  levels  of  attenuation  and 
rainfall  rates.  Such  data  is  of  importance  in 
assessing  systems  unavailability.  As  an 
example,  Figure  1  shows  the  distribution,  as  a 
percentage,  o£  the  durations  of  fades  of  2,  4,  6 
and  8  dB  km  measured  over  a  period  of  1  year 
at  97  GHz,  normalized  to  the  number  of  30  second 
fades,  N^q. 
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In  an  analogous  way,  the  distribution  of 
return  period  i.e. ,  the  times  between  fades, 
has  also  been  examined.  Figure  2  shows  the 
distribution  of  return  periods  for  the  same  fade 
depths  as  Figure  1,  for  97  GHz  transmissions. 
The  distributions  of  both  durations  and  return 
periods  are  found  to  be  similar,  functionally, 
to  a  log-normal  probability  distribution,  and 
suggest  that  it  may  be  possible  to  develop  a 
model  to  predict  attenuation/rainfall  rate  - 
duration  -  return  period  relationships,  which 
would  assist  the  design  and  operation  of 
terrestrial  communications  systems,  ir. 
particular  those  employing  space  diversity 
techniques  to  improve  systems  reliability. 


Fig.  1.  Distribution  of  fade  durations 
longer  than  30  seconds, 
normalised  to  the  number  of 
30  second  fades,  measured  at 
97  GHz. 
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455 


F7.3 


FAR-INFRARED  DETECTOR  USING  BaPbQ  ?Bi0  303  THIN  FILM  JOSEPHSON  ELEMENT 

A.  Sawada,  K.  Saco,  Y.  Enomoto*  and  T.  Murakami* 

Synthetic  Crystal  Research  Laboratory, 

Facutly  of  Engineering,  Nagoya  University, 

Nagoya  464-01,  JAPAN 

*NTT  Electrical  Communication  Laboratory, 

Tokai,  Ibaraki-ken,  319-11,  JAPAN 


ABSTRACT 

A  new  detector  using  BaPbQ  ^Bip  303  thin 

film  Josephson  element  has  been  found  to 
detect  far-infrared  light  in  the  range  of 
wavelength  from  50  p  to  500  m  (wavenumber  from 

200  cm-*'  to  20  cm-*").  The  optimum  conditions 
are  searched  by  changing  the  temperature  of 
the  element,  the  bias  current  through  the 
element,  and  the  chopping  frequency  of 
incident  light. 


INTRODUCTION 

Recently  Enomoto  and  Murakami  have 
developed  a  new  detecor  using  BaPbQ  yBig  303 

(BPB)  thin  film  Josephson  element  which  is 
very  sensitive  in  the  infrared  region  of  wave 
length  from  1  p  to  8  p(ll.  Detection 
principle  is  as  shown  in  Fig.  1.  The  I-V 
characteristric  of  Josephson  junction  changes 
when  infrared  light  is  irradiated  on  the 
Josephson  element.  When  the  constant  bias 
current  Ifi  is  applied,  light  signal  is 
detected  as  the  change  of  voltage  aV  across 
the  Josephson  junction.  The  purpose  of  the 
present  paper  is  to  report  a  new  detector 
which  works  in  far-infrared  region  from  50  p 
to  500  p  using  the  same  detection 
principle. 


EXPERIMENTS 

Fig.  2  shows  the  schematic  diagram  of 
the  Josephson  element  used  in  the  present 
experiment.  Polycrystalline  BPB  thin  films 
were  deposited  on  sapphire  substrates  using 
RF  sputtering  method.  Grain  boundaries  in 
sputtered  films  have  been  found  to  work  as 
tunneling  barriers  and  to  make  Josephson 
junctions.  This  is  called  as  boundary 
Josephson  junctions  (BJJ)  (1).  In  order  to 
detect  far-infrared  light,  active  area  on 
which  incident  light  beam  is  irradiated  was 
enlarged  to  1  mm  x  1  mm  in  size. 

Furthermore,  in  order  to  increase  the  number 
of  BJJ  and  to  increase  the  detection 
sensitivity,  the  total  length  of  the  active 
part  was  increased  by  inserting  very  narrow 
slits  of  about  10  p  in  width  as  shown  in 
Fig.  2. 


Fig.  3  shows  the  I-V  characteristics  of 
the  present  BPB  element  where  the 
superconducting  transition  temperature  is  T 
=  8.0  K.  It  is  noticed  that  the  scale  of 
voltage  is  very  large  (10V).  This  shows  that 
a  number  of  BJJ  are  connected  in  series  in 
the  present  BPB  element. 

Fig.  4  shows  the  capacitance  C  of  the 
BPB  element  at  various  frequencies  Bnder  DC 
bias  voltage  (6V)  as  a  function  of 
temperature.  Above  T  ,  capacitance  C  is 
zero  as  is  expected.  cJust  around  T 
however,  Cp  becomes  nonzero  and  increases  as 

the  temperature  is  lowered.  Furthermore,  Cp 

is  found  to  be  very  large  (about  104  pF)  at 
T  =  5  K  in  the  frequency  of  120  Hz. 

Martin-Puplett  type  Fourier  spectrometer 
(2)  was  used  to  study  detector  properties  in 

the  far-infrared  region  from  20  cm-1  to  200 


cm-  .  Constant  bias  current  I„  was  applied 
to  the  BPB  element,  and  the  light  signal  was 
detected  as  output  voltage  of  lock-in 
amplifier. 

Fig.  5  shows  the  output  voltage  of 
lock-in  amplifier  as  a  function  of  bias 
current  In  when  the  temperature  of  the  BPB 
element  is  T  =  6.7  K. 

The  optimum  conditions  of  the  present 
BPB  element  have  been  found  to  be  I„  =  74  m A 
and  T  =  6.7  K.  As  the  temperature  is  raised, 
sensitivity  decreases  and  becomes  zero  above 
T  .  As  the  temperature  is  lowered,  noises 
increase  greatly.  This  is  because  the  I-V 
characteristic  becomes  tunneling  type. 

Fig.  6  shows  a  far-infrared  spectrum 
which  was  obtained  using  our  Martin-Puplett 
spectrometer  and  the  present  BPB  detector. 

It  is  seen  that  the  present  detector  can 
detect  far-infrared  light  in  the  wavenumber 

range  from  20  cm-*  to  200  cm-*. 
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ABSTRACT 

Frequency  shifting  of  a  single  far  infrared  laser 
source  by  mechanical  means  is  investigated  to  obtain 
highly  correlated  transmit  and  local  oscillator  signals 
for  narrowband  heterodyne  reception.  The  analysis  re¬ 
fers  to  a  radar  but  applies  to  other  systems  as  well. 

INTRODUCTION 

A  parameter  of  particular  concern  to  Doppler 
radar  is  coherency.  Coherency  determines  the  frequency 
resolution  that  a  radar  can  achieve,  and  in  turn  its 
ability  to  resolve  radial  target  velocities.  The 
Doppler  shift  measurement  is  accomplished  with  either 
a  homodyne  or  a  heterodyne  receiver.  The  coherency 
of  transmit  and  local  oscillator  signals  determines 
the  accuracy  with  which  the  shift  can  be  measured  and 
the  sensitivity  of  the  receiver.  Both  are  directly 
proportional  to  the  receiver's  coherent  bandwidth. 

Because  of  the  high  atmospheric  attenuation  at 
these  wavelengths,  a  terrestrial  FIR  radar  Is  only 
practical  for  target  measurements  in  the  laboratory. 
Incoherent  systems  with  cooled  detectors  have  been 
used  successfully  in  this  country  and  abroad  for  the 
measurement  of  scattering  properties.  It  is  our 
objective  to  explore  critical  parameters  necessary  to 
design  a  similar  but  coherent  radar  for  Doppler 
imaging. 

Due  to  the  short  round-trip  time  of  tens  of  nano¬ 
seconds  or  less  for  radar  signals  of  interest,  it  is 
advantageous  to  derive  transmit  and  local  oscillator 
signals  from  a  single  FIR  laser  source.  The  stability 
of  a  good  laser  signal  over  such  time  span  is  suf¬ 
ficient  to  resolve  Doppler  shifts  on  the  order  of  1  Hz 
or  better.  For  example,  laser  frequency  jitter  at  a 
2  MHz/sec  rate  causes  a  Doppler  frequency  error  of 
0.1  Hz  over  a  50  nsec  round-trip  time. 

METHOD  OF  COHERENT  DOPPLER  SHIFTING 

One  possibility  of  generating  a  frequency  offset 
to  a  laser  signal  is  through  mechanical  Doppler 
shifting.  Note,  that  this  is  different  from  the 
Doppler  shift  generated  by  target  motion.  The  major 
advantage  of  a  mechanical  Doppler  shifter  at  FIR  lies 
in  its  power  efficiency.  The  major  disadvantage  lies 
in  the  limited  amount  of  frequency  shift  achievable. 

It  is  well  known  that  mixer  output  noise  is  inversely 
proportional  to  IF  frequency  at  low  IF.  That  is,  a 
receiver  with  100  kHz  IF  is  20  dB  less  sensitive  than 
one  with  10  MHz  IF,  all  else  being  equal.  The  highest 
possible  mechanical  frequency  shift  is  therefore  im¬ 
portant. 


Continuous  mechanical  frequency  shifting  of  an 
FIR  signal  in  order  to  generate  well  correlated 
transmit  and  local  oscillator  signals  involves,  by 
necessity,  a  repetitive  process.  A  Doppler  shift  is 
imparted  on  the  FIR  signal  by  a  moving  (generally 
rotating)  metallic  reflector.  After  some  time, 
another  reflector  substitutes  for  the  first  one  and 
repeats  its  motion,  and  so  on.  In  a  rotating  system 
it  is  possible  to  have  only  a  single  reflector. 

Phase  and  amplitude  continuity  of  the  Doppler  shifted 
signal  between  repetitions  of  the  process  characterize 
an  ideal  frequency  shifter.  Phase  continuity  requires 
that  the  phase  between  repetitions  of  the  process 
advance  by  integer  multiples  m  of  2iw  Then  and 
only  then  a  pure  offset  frequency  of  m  N  Hz  is 
generated,  where  N  is  the  number  of  repetitions  of 
the  process  per  second.  A  non-perfect  process,  such 
as  one  of  discontinuous  phase,  leads  to  a  spectrum  of 
lines  spaced  N  Hz  apart.  The  consequence  is  a  power 
loss  at  the  desired  frequency  and  potential  aliasing. 
The  latter  results  as  the  radar  target's  own  Doppler 
spectrum  modulates  all  spectral  lines  generated  in 
the  frequency  shifter,  causing  spectral  overlap. 

Figure  1  presents  a  qualitative  picture  of  the 
situation.  The  frequency  shifter  offsets  the  laser 
signal  by  an  amount  equal  to  the  IF.  Due  to  its 
imperfections,  additional  equally  spaced  spectral 
lines  occur,  whose  amplitude  distribution  (the  outer 
dashed  envelope)  depends  on  the  specific  shifter 
operation.  The  radar  signal  from  a  rotating  stationary 
target  then  modulates  every  line  of  the  shifter 
spectrum  in  the  heterodyning  process.  As  drawn  in 
Figure  l,  the  target  spectrum  (the  line  spectrum  with 
the  inner  dashed  envelope)  does  not  result  in  aliasing. 

Phase  discontinuity  is  the  more  serious  phenomenon 
with  regard  to  spectral  broadening.  Amplitude 
discontinuity,  brought  about  at  FIR  by  a  variable 
Gaussian  beam  geometry,  must  also  be  minimized  through 
an  appropriate  design. 

Several  mechanical  frequency  shifters  have  been 
described  in  the  literature.  Veron  [1]  uses  a 
cylindrical  rotating  blazed  grating.  He  recognizes 
the  need  for  phase  continuity.  However,  limitations 
in  his  reflection  geometry  require  a  large  number  of 
grooves  on  a  slowly  rotating  grating.  The  result  is 
a  densely  crowded  spectrum  unsuited  for  our  purpose. 
Manuccia  (2)  describes  the  basic  function  of  the 
device  shown  in  Figure  2.  He  Is  concerned  with  laser 
isotope  separation  for  which  a  monochromatic  signal 
is  not  required.  Consequently,  he  does  not  address 
the  issue  of  phase  and  amplitude  continuity.  The 
same  essentially  holds  for  a  device,  for  which  a 
patent  was  issued  to  Guers  and  Boscher[3]. 
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EXAMPLE  OF  MECHANICAL  SHIFTER 

We  have  analyzed  the  performance  of  the  mechanical 
frequency  shifter  shown  In  Figure  2.  Basically,  it 
consists  of  two  rotating  mirrors  and  a  stationary 
reflector,  circumferentially  shaped  according  to  the 
involute  of  a  circle  of  radius  r.  The  first  mirror 
deflects  the  laser  bean,  which  enters  along  the  axis 
of  rotation,  at  a  90*  angle*  The  second  mirror, 
rotating  at  radius  r,  deflects  the  beam  by  another 
90*,  this  time  tangentially  with  the  disk.  The  disk, 
with  holes  along  the  bean's  path,  is  only  a  mechanical 
means  to  hold  the  mirrors  and  to  reduce  drag.  In 
Figure  2  the  stationary  reflector  takes  the  shape  of 
four  identical  involute  segments.  Its  important 
properties  are  a)  retroreflectlon  of  the  laser  beam 
at  all  angles  of  rotation,  b)  linear  phase  progression 
with  angle  of  rotation,  and  c)  phase  continuity,  if 
the  steps  between  segments  are  chosen  equal  to  integer 
multiples  of  half  the  wavelength  X*  Each  stationary 
segment  can  be  rotated  slightly  around  one  shoulder 
screw  for  best  phase  match  at  any  FIR  wavelength. 
Mechanical  size  and  amplitude  stability  make  it 
preferable  to  use  four  involute  segments  (or  some 
other  number  greater  than  one).  Discontinuities  in 
amplitude  and  phase,  which  are  generated  equally  by 
all  four  segments,  contribute  power  to  only  every 
fourth  line  in  the  spectrum. 


Consider  this  example.  At  X  »  0.471  mm, 
r  «  19.04  mm,  and  N  ■*  400  Hz,  the  frequency 
offset  generated  by  the  device  in  Figure  2  is 
Af  -  4nr  N/X  »  203.2  kHz.  Typical  base 
plate  dimensions  for  such  a  design  are  230  by  230  mm. 


In  order  to  avoid  aliasing,  the  maximum  radial  target 
velocity  is  v  «  NX/4  *  47  mm/sec.  At  a  target  ro¬ 
tation  rate  n  *  0.1  Hz,  this  corresponds  to  a  maximum 
radial  target  dimension  of  d  «  v/(2*n)  «  75  mm. 

A  receiver  with  1  Hz  coherent  bandwidth  integrates 
over  many  frequency  shifter  revolutions.  In  contrast, 
it  responds  to  target  Doppler  shifts  within  one  tenth 
of  a  target  revolution.  It  can  be  shown  that  effects 
on  Af  by  fluctuations  in  the  disk's  rate  of  rotation 
cancel  ideally  through  an  appropriate  heterodyning 
scheme. 

Although  the  discussion  has  stressed  Doppler 
resolution  in  radar,  there  are  broader  implications. 
The  quasi  self-mixing  technique  permits  narrowband 
coherent  IF  processing  for  any  system,  where  signal 
path  delay  is  short.  Since  it  is  a  heterodyne  and 
not  a  homodyne  scheme,  spectrum  foldover  can  be 
avoided  in  many  cases.  Likewise,  imperfections  in 
the  frequency  shifting  process  can  be  overcome  by 
proper  frequency  selection.  A  mechanical  frequency 
shift  of  several  hundred  kHz  is  relatively  simple  to 
achieve  at  FIR.  Despite  the  fact  that  this  is  not 
optimal  in  terms  of  system  noise,  the  sensitivity 
of  a  receiver  with  a  room  temperature  Schottky  barrier 
mixer  should  at  least  match  that  of  a  helium-cooled 
detector  with  comparable  integration  time.  A  mechan¬ 
ical  frequency  shifter  as  described  is  currently 
under  construction. 
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ABSTRACT 

A  self-consistent  analysis  of  the  gyrotron 
traveling-wave  amplifier  is  performed  using  a  single 
particle  theory  and  an  exact  transmission-line  field 
analysis  to  yield  a  nonlinear  large  signal  theory 
able  to  describe  the  effects  of  tapered,  nonideal 
wall  waveguides  and  tapered  dc  magnetic  fields. 
Guiding  center  drift  is  considered,  as  well  as  effi¬ 
ciency  as  a  function  of  input  power,  RF  detuning,  dc 
detuning,  current,  and  beam  size. 

INTRODUCTION 

The  gyrotron  traveling-wave  amplifier  (GTWA) 
has  been  studied  in  some  depth  by  several  authors 
[1,  2,  3]  who  have  shown  that  two  fundamental  prob¬ 
lems  limit  the  usefulness  of  the  standard  configura¬ 
tions  of  the  GTWA  in  which  the  beam  and  the  RF  are 
both  launched  in  the  +z  direction  [14,  5].  The  first 
of  these  problems  is  the  limited  beam  current  at 
which  the  device  nay  operate  without  breaking  into 
oscillation.  The  second  problem  is  related  to  the 
narrow  bandwidth  of  the  CRM  interaction.  Device- 
based  solutions  to  each  of  these  problems  have  been 
posed  by  previous  researchers  [i(,  5].  The  proposed 
solution  for  the  oscillation  problem  is  the  use  of 
frequency  selective,  spatially  located  loss  mecha¬ 
nisms.  The  proposed  solution  for  the  bandwidth 
problem  is  the  use  of  a  reverse-injection  scheme  in 
a  tapered  waveguide  (see  Fig.  1).  These  two  devlce- 


Flg.  1.  Schematic  diagram  of  the  reverse  injection 
GTWA.  The  transverse  plane  at  zc0  is  the 
cutoff  plane  for  perfect  reflection.  The 
wave  will  penetrate  into  the  region  zfl  <  z 
<  zco,  so  that  a  wave  launched  at  zfl  will 
have  the  same  apparent  starting  point  as 
the  reflected  wave. 

based  solutions  have  not  been  subject  to  analysis  by 
previous  analytic  theories,  indicating  the  need  for 
a  new  theory  capable  of  addressing  both  standard  and 
new  configurations  of  the  GTWA. 

THEORETICAL  DEVELOPMENT 

The  two  standard  methods  of  analyzing  gyrotron 
devices  are  kinetic  theory  and  single  particle 
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ballistic  theory.  The  kinetic  theory  method  results 
in  a  linear  dispersion  relationship  via  considera¬ 
tion  of  a  linearized  form  of  the  Vlasov  equation, 
and  is,  primarily,  a  study  of  the  RF  electromagnetic 
fields.  The  single  particle  method  results  in  a  set 
of  differential  equations  yielding  values  for  the 
change  in  important  beam  particle  quantities,  and 
thus  is  primarily  a  study  of  the  beam  particle  char¬ 
acteristics.  The  kinetic  theory,  being  a  linear 
theory,  can  not  study  the  fundamentally  nonlinear 
saturation  processes  which  occur  In  GTWA  amplifi¬ 
ers.  The  normal  implementation  of  the  single  par¬ 
ticle  theory  suffers  from  limitations  on  the  com¬ 
plexity  of  the  interaction  region  and  on  the  nature 
of  the  RF  fields.  Neither  of  these  theoretical 
approaches  are  capable  of  addressing  the  device- 
based  solutions  mentioned  above. 

The  theory  presented  in  this  work  is  a  self- 
consistent,  large  signal,  nonlinear  theory  for  GTWA 
devices  based  on  a  combination  of  a  transmission 
line  analysis  for  the  RF  fields  and  a  single  par¬ 
ticle  theory  for  the  electron  beam.  The  transverse 
electromagnetic  fields  are  represented  as 

Efc(r)  “  l  Vk(z,  t)  ek(r,  0)  (la) 

Hfc(r)  “  l  Ik(z.  t)  hk(r,  0)  (lb) 

and  the  expansion  coefficients,  Vk  and  Ik,  have 
units  of  volts  and  amps,  respectively.  Maxwell's 
curl  relations  are  separated  into  longitudinal  and 
transverse  equations,  and  Eqs.  la  and  lb  are  substi¬ 
tuted  into  the  transverse  equations.  After  exten¬ 
sive  analysis,  the  following  exact  expressions 
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where  terms  (a)  and  (d)  are  the  ideal  waveguide 
terms,  terms  (b)  and  (e)  represent  the  Influence  of 
a  tapered  waveguide  wall,  and  terms  (c)  and  (f) 
represent  the  influence  of  an  electrically  nonideal 
(I.e.,  lossy)  waveguide  wall.  Term  (g)  is  the  beam- 
field  coupling  term,  which  may  be  written  as  a  sum 
over  the  N  individual  charge  carrying  macroparticles 
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used  to  represent  the  electro./  beam. 
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as  shown  in  Eq. 


The  electron  beam,  represented  by  a  collection 
of  charge  carrying  macropartlcles  having  the  sane 
ballistic  properties  as  electrons,  is  assumed  to 
propagate  in  the  presence  of  a  strong  dc  magnetic 
field  of  the  form: 


B  z 
oz 


8  r 
or 


„  3B 
°ozz  2  3z 


(5) 


The  code  has  been  app’ied  to  the  study  of  GTWA 
operational  parameters.  It  was  found  that  the  satu¬ 
rated  efficiency  peak3  at  approximately  96  percent 
of  the  synchronous  value  of  the  dc  magnetic  field. 
The  saturated  efficiency  is  improved  by  RF  detuning 
either  above  or  below  the  synchronous  value.  The 
optimum  beam  size  was  studied,  and  results  were 
found  to  be  slightly  different  than  predicted  by 
linear  theory  [2].  The  guiding  center  motion  for 
TE0n  modes  was  studied,  and  it  was  found  that  sev¬ 
eral  modes  cause  significant  drift,  so  that  theories 
which  neglect  such  motion  may  be  in  error  for  par¬ 
ticular  modes  [6]. 


SUMMARY 


The  electron  beam  is  represented  in  the  coordinate 
system  shown  in  Fig.  2.  A  slow  time  scale  transform 


In  summary,  the  theory  discussed  in  this  work 
presents  several  distinct  advantages  to  researchers 
when  compared  to  earlier  work.  Specifically,  the 
present  theory  has  the  ability  to  consider  the 
simultaneous  presence  of  electrically  nonideal  walls 
and  tapered  waveguide  walls.  The  CRM  interaction 
may  be  analyzed  below  the  conventional  cutoff  fre¬ 
quency.  The  beam-field  coupling  term  derived  in  the 
analysis  is  straightforward,  simple,  and  very  accu¬ 
rate.  The  single  particle  ballistic  theory 
addresses  electron  beam  propagation  in  the  presence 
of  a  strong  tapered  dc  magnetic  field. 
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Fig.  2.  Diagram  of  the  trajectory  of  a  single  elec¬ 
tron  with  phase  a  -  Rt  +  *  and  transverse 
momentum  pt.  p  is  always  at  right  angles 
with  r,  ,  and  leads  it  by  90°.  3?  is  a  unit 

vector  in  the  X  direction,  located  in  the 
Larmour  radius.  Rectangular  coordinate 
points  (X  ,  Y  )  and  (x,  y)  are  the  guiding 
center  arid  °electron  positions,  respec¬ 
tively. 

Is  used  in  the  representation  of  the  transverse 
momentum  components.  A  formulation  for  the  motion 
of  the  dc  guiding  center  of  the  electrons  Is  in¬ 
cluded  in  the  theory.  The  equation  for  the  electron 
energy  is  derived  for  use  in  the  verification  of  the 
primary  calculations  of  the  electron  quantities. 
The  particle  trajectory  analysis  results  in  a  set  of 
7  first  order.,  nonlinear  differential  equations  per 
particle,  so  that  the  interaction  is  represented  by 
a  system  of  order  7N  +  2  [6]. 

NUMERICAL  IMPLEMENTATION  AND  RESULTS 

The  analytic  theory  has  been  implemented  into  a 
numerical  simulation  program.  An  extensive  verifi¬ 
cation  study,  establishing  the  ability  of  the  pro¬ 
gram  to  simulate  conventional  GTWA  configurations, 
was  carried  out  by  comparison  of  numerical  results 
against  work  by  Chu  [2]  and  Fliflet  [3].  Also, 
analysis  has  established  the  validity  of  the  beam- 
coupling  coefficient,  since  the  total  power  error, 
represented  by  the  change  in  the  beam  power  compared 
to  the  change  in  field  power,  is  always  less  than 
0.9  percent  [6], 
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ABSTRACT 

A  method  is  presented  for  solving  electromag¬ 
netic  fields  problems  with  application  to  the  design 
and  simulation  of  millimeter  traveling-wave  devices. 


DISCUSSION 

The  surface-matching  method  is  an  extension  and 
generalization  of  the  "point-matching"  and  "boundary 
residual"  methods  used  successfully  in  two-dimen¬ 
sional  propagation  and  scattering  electromagnetic 
problems  [1-7].  Whereas  the  point-matching  method 
satisfies  the  field  boundary  conditions  at  a  finite 
number  of  points,  the  surface-matching  method  best 
fits  the  fields  to  the  entire  boundary  in  the  least- 
squares  sense.  Because  of  its  best  fit  properties, 
the  method  is  compact  and  gives  relatively  accurate 
results  using  a  small  number  of  field  functions. 

This  method  casts  the  field  solution  into 
matrix  form;  the  determinant  of  this  matrix  creates 
the  dispersion  equation,  and  the  roots  of  this  equa¬ 
tion  provide  the  normal  modes  of  the  system.  The 
elements  of  this  matrix  are  determined  by  matching 
the  components  of  the  electric  and  magnetic  fields 
to  the  boundary  of  the  problem,  and  in  the  limiting 
case  of  an  exact  solution,  the  matrix  created  is 
infinite  in  extent.  For  the  periodic  boundaries 
typically  found  in  microwave  devices,  the  matrix 
form  need  match  the  fields  only  across  a  single 
period.  Any  symmetries  present  in  the  problem  are 
easily  handled  through  restricting  elements  of  the 
determinantal  matrix.  For  the  particular  class  of 
problems  with  helical  symmetry,  the  problem  can  be 
reformulated  to  minimize  the  size  of  the  resulting 
matrix  using  methods  similar  to  those  used  by 
Senslper  in  solving  the  tape  helix  problem  [8]. 

Results  using  this  method  are  shown  for  several 
guiding  structures.  Dispersion  results  obtained 
using  this  method  are  compared  to  past  theoretical 
and  experimental  work.  Several  examples  include  the 
helical  waveguide  and  the  scalloped  waveguide  [9], 
and  the  circular  waveguide  with  step-periodic  sym¬ 
metry  [10].  The  first  two  examples  are  suitable  for 
'O'-typc  travel ing-wave  devices,  whereas  the  last  is 
geared  towards  solving  gyrotron  devices.  Numerical 
methods  used  to  efficiently  solve  the  matrix  problem 
are  discussed,  including  the  use  of  Householder 
transformations  [11]  and  the  use  of  Aitken  extrapo¬ 
lation  to  accelerate  convergence  [12].  Extending  the 
method  to  the  more  difficult  problems  of  the  ring- 
bar  structure  [13]  and  the  cross-wound  helix  [14]  is 
also  presented. 

Since  the  fields  are  matched  across  an  entire 
surface,  a  natural  extension  of  this  method  is  to 


simulate  beam-wave  interaction  in  a  microwave  ampli¬ 
fier.  Both  the  boundary  conditions  of  the  slow-wave 
structure  and  that  of  the  electron  beam  can  be 
satisfied  simultaneously.  The  advantage  of  this 
technique  is  that  the  beam  need  not  be  sliced  up, 
but  can  be  simulated  entirely  over  one  or  more  peri¬ 
ods  of  the  slow  wave  structure. 
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ABSTRACT 

By  superposition  of  appropriate  phase-matched  mixtures  of  spe¬ 
cific  waveguide  modes  it  is  possible  to  obtain  intensity  dis¬ 
tributions  with  very  low  sidelobes,  radiated  from  highly  over- 
moded  waveguides.  Such  desirable  mode  compositions  have 
been  studied  in  order  to  improve  the  conversion  efficiency  (re¬ 
duction  of  diffraction  losses)  of  quasi-optical  mode  transduc¬ 
ing  antennas  (Wengenroth-  and  Vlasov-type)  for  use  with  circu¬ 
lar  symmetric  and  rotating  asymmetric  gyrotron  output  modes. 
It  is  demonstrated,  that  Wengenroth-type  output  couplers  can 
also  be  used  for  optimum  mixtures  of  rotating  asymmetric 
TEm„  (dominant)  /TEm>„_i/TEra).+i  modes  which  exhibit  pure 
azimuthal  electric  fields. 

INTRODUCTION 

Wengenroth-type  quasi-optical  mode  transducing  antennas  [1] 
have  been  used  to  directly  produce  a  linearly  polarized  radia¬ 
tion  pattern  from  TEo.  modes  generated  by  200  kW  gyrotrons  for 
application  as  launcher  for  electron  cyclotron  resonance  heating 
(ECRH)  of  plasmas  in  thermonuclear  fusion  experiments.  Such 
appropriately  grooved  twist  reflectors  have  worked  quite  well  on 
low-order  circular  modes  [2].  Vlasov-type  quasi-optical  mode  con¬ 
verters  [3]  can  generate  a  concentrated,  linearly  polarized  mi¬ 
crowave  beam  from  rotating,  asymmetric  TEm.  whispering  gallery 
modes,  where  m  is  large  and  n  =  1  or  2  (e.g.  TEis,q).  Such  modes 
may  be  particularly  useful  in  designing  very  high-power  CW  gy¬ 
rotrons  (with  low  mode  competition  [4])  for  future  fusion-reactor 
type  ECRH  systems. 

Diffraction  losses  at  the  radiating  waveguide-antenna  cut  of 
such  simple  quasi-optical  mode  transducers  limit  their  efficiency 
in  the  conversion  from  the  gyrotron  output  mode  to  a  free- 
space  Gaussian  beam  (TEMoo).  The  efficiency  of  a  non-improved 
Vlasov-type  coupler  is  about  80%  [3-5],  and  for  a  Wengenroth- 
type  mod(  t>  ansducing  antenna  it  is  between  80%  and  90%  [2], 

The  present  paper  shows,  that  by  superposition  of  appropriate 
phase-matched  mixtures  of  other  waveguide  modes  to  the  domi¬ 
nant  gyrotron  output  mode  it  is  possible  to  synthesize  desirable 
aperture  distributions  with  tapered  electric  fields  at  the  radiat¬ 
ing  waveguide  cut.  This  reduces  the  diffraction  and  strongly  sup¬ 
presses  sidelobes  (reduced  spillover),  making  possible  the  design  of 
quasi-optical  mode  transducers  with  higher  conversion  efficiency. 

In  the  case  of  multimode  hom  antennas  [6]  it  has  been  shown, 
that  this  approach  can  yield  impressive  results  of  sidelobe  suppres¬ 
sion,  beam-width  equalization,  and  cross-polarization  reduction. 
In  the  dual-mode  conical  horn  the  dominant  TEu  mode  (87.5%) 
and  the  orthogonal,  higher-order  mode  TMu  (12.5%)  are  super¬ 
imposed  in  such  a  way  as  to  create  a  high  degree  of  axial  pattern 
symmetry  [6].  An  appropriate  phasing  section  accounts  for  the 
correct  relative  phases  of  the  modes.  This  part  is  not  necessary  in 
a  corrugated  horn  antenna  where  the  optimum  mode  mixture  is 
the  propagating  fundamental  normal  mode  (hybrid  mode  HEn) 
[6].  The  advantage  of  the  corrugated  hom,  in  terms  of  operating 
bandwidth,  can  easily  be  appreciated. 

SYNTHESIS  OF  FAR-FIELD  RADIATION  PATTERNS 

One  approach  to  synthesize  desirable  radiation  distributions  is  to 
consider  the  superposition  of  the  patterns  of  individual  modes.  By 

’present  address:  “Thomion-CSF",  F-7S141  Velisy  ViUacouUajr,  France, 
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varying  the  relative  amplitude  and  phases  of  these  modes,  the  re¬ 
sulting  radiation  pattern  can  be  modified  in  order  to  redu<^  the 
level  of  sidelobes.  For  this  purpose  we  have  developed  a  far-field 
pattern  code  for  radiation  from  a  circular  overmoded  waveguide 
which  handles  mode-compositions  with  fixed  or  rotating  polariza¬ 
tion. 

Experimentally,  pure  modes  or  mixtures  of  them  can  be  eas¬ 
ily  obtained  using  appropriate  sections  of  mode  converters  with 
periodically  perturbed  waveguide  wall  [7],  Higher-order'HEm»  or 
EHm„  hybrid  modes  can  be  generated  in  the  similar  way  as  HEn 
[7],  The  validity  of  our  far-field  pattern  code  has  been  checked 
using  measured  radiation  distributions  radiated  from  such  mode 
transducer  sections  (fixed  and  rotating  modes,  TE  and  TM)  at 
EPF  Stuttgart  and  Thomson-CSF  Velizy. 

1  Circular  Electric  TBq„  Modes 

The  far-field  patterns  of  circular  symmetric  TEon  modes  exhibit 
the  following  common  features  [7]: 

-  all  patterns  have  the  same  location  of  the  minima  between 
the  sidelobes, 

-  the  maximum  of  the  mainlobe  is  close  to  the  angular  position 
corresponding  to  the  n-th  zero  of  the  Bessel  function  Ji, 

-  the  phase  of  the  mainlobe  in  the  TEo.-mode  series  is  alter¬ 
nating. 

These  properties  allow  the  reduction  of  the  inner  and  outer  side¬ 
lobes  of  a  given  dominant  TEo.-mode  pattern  by  superimposing 
the  correct  percentage  of  power  in  the  TEo^-i  and  TEo>b+i  modes 
(both  modes  with  opposite  phase  with  respect  to  TEo*),  respec¬ 
tively.  In  the  case  of  the  fundamental  TEoi  mode,  the  super¬ 
position  of  TEoj  (approx.  85%TEoi  and  15%TEoj)  alone  leads 
already  to  a  nearly  total  suppression  of  the  outer  sidelobes.  The 
calculated  (dashed  curve)  and  measured  far-field  patterns  of  this 
phased  mode  mixture  are  shown  in  Fig.  1  for  an  aperture  diameter 
of  27.8  mm  at  70  GHz.  A  comparison  of  both  distributions  reveals 
excellent  agreement  between  theory  and  experiment.  The  taper¬ 
ing  of  the  electric  field  distribution  at  the  radiating  aperture  (see 
Fig.  2)  leads  to  reduced  wall  currents  and  thus  to  low  sidelobes. 
Near-field  measurements  showed  that  this  desirable  low-sidelobe 
feature  of  the  radiation  pattern  also  exists  in  the  Fresnel  region. 

In  order  to  obtain  nearly  sidelobe-free  higher  TEo.  (domi¬ 
nant)  mode  radiation  patterns  the  following  mode  compositions 
are  needed: 


relative  power  (%) 

relative  phase 

TEo. 

70-80 

0 

TEo,.-i 

10-15 

r 

TEo,»+i 

10-15 

X 

2  Rotating  Asymmeuiv  IT  AluJCa 

The  result  of  the  preceding  table  can  be  generalized  for 
phased  mixtures  of  rotating  asymmetric  TEm.  (dominant)/ 
/TEw.^-i/TEm^+i  modes  using  the  same  rule.  In  any  case  the 
result  is  an  azimuthally  symmetric  radiation  pattern  with  a  maxi¬ 
mum  sidelobe  level  of  -30  dB  to  -50  dB.  The  computed  radiation 
pattern  of  a  80%/10%/10%  mixture  of  TEis.j/TEjs^/TEjs.j  is 
presented  in  Fig.  3  (I.D.  =  27.8  mm,  140  GHz).  This  pattern  which 
has  only  an  azimuthal  (E^)  component  of  the  electric  field  (obvi¬ 
ous  for  circular  electric  modes)  is  a  fundamental  result  for  rotating 
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asymmetric  TE  mode  mixtures.  The  theoretical  maximum  level 
of  cross-polarization  is  —  49dB  (dashed  curve).  For  comparison, 
Fig.  4  shows  the  two  co-polar  patterns  of  a  pure  rotating  TEis,2 
mode. 

3  Rotating  Higher-Order  HEmn  and  EHmn  Hybrid  Modes 

With  the  exception  of  EH„j  surface  modes,  all  balanced  hybrid 
modes  in  corrugated  circular  waveguide  whose  internal  wall  is 
grooved  with  resonant  slots  [6,  7]  exhibit  the  important  common 
feature,  that  the  ohmic  skin  losses  are  drastically  reduced  (reduc¬ 
tion  of  fields  at  the  inner  waveguide  surface).  This  means  that,  as 
in  the  case  of  corrugated  HEh  horn  antennas,  the  diffraction  losses 
for  higher-order  hybrid  modes  will  be  significantly  reduced.  This 
property  has  been  demonstrated  for  HEis^  (modelled  by  various 
mixtures  of  TEu^  and  TM^j  with  A<j>  =  180°). 

CONCLUSIONS 

The  design  of  high-performance  quasi-optical  mode  transducing 
antennas  of  the  Wengenroth-type  for  use  with  high-power  gy- 
rotrons  will  be  possible  with  the  help  of  nearly  sidelobe-free  ax- 
isymmetric  radiation  patterns  generated  by  appropriately  phase- 
matched  specific  mixtures  of  circular  electric  TEon  modes  or  ro¬ 
tating  asymmetric  TEmn  modes. 

For  a  Vlasov-type  quasi-optical  mode  converter,  its  long  ax¬ 
ial  waveguide  cut  causes  problems  with  the  correct  phasing  of 
the  different  modes.  In  this  case,  the  diffraction  losses  should  be 
preferably  reduced  by  rounding  the  edges  of  the  cut  (optimized  by 
geometrical  optics/rays  [8,  9] — or  geometrical  theory  of  diffraction 
[10])  or  as  proposed  in  the  present  paper,  by  using  a  corrugated 
waveguide  propagating  its  natural,  rotating  asymmetric  hybrid 
modes  (e.g.  HEi5)2  or  ER'is.j). 
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Fig.  1;  Computed  (dashed  curve)  and  measured  far-field  pattern  of 
the  optimum  TE01/TE02  mode  mixture. 


Fig.  2: 

Electric  field  distribution  of  the 
modes  TE01  and  TE02  and  of 
the  optimum  TE01/TE02  mode 
mixture  at  the  radiating  aper¬ 
ture. 
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Fig.  3:  Co-polar  phi-  and  theta  intensity  distributions  of  the 
optimum  rotating  TEis,n  mode  (dominant  TEis.z)  mixture. 
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Fig.  4:  Co-polar  phi-  and  theta  far-field  pattern  of  a  rotating  TEis,2 
whispering  gallery  mode. 
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ABSTRACT 

This  paper  reports  numerical  optimization  calculations  on 
mode  converters  to  generate  pure,  rotating  TE^  (at 
120  GHz)  and  TEiSiJ  (at  140  GHz)  whispering  gallery  modes 
(WGM)  in  oversized  circular  waveguides,  for  conversion  effi¬ 
ciency  optimization  studies  on  high-power  quasi-optical  WGM 
gyrotron  output  mode  transducers.  Two-stage  TEoi-to-TEo«- 
to-TEmi  conversion  sequences  (n  =  6  at  120  GHz,  n  =  7  at 
140  GHz)  using  periodic  radius  and  m-fold  helical  (corkscrew 
type)  wall  deformations,  respectively,  provide  output  mode 
purities  of  almost  99%. 

INTRODUCTION 

The  development  of  megawatt  high-frequency  (>100  GHz) 
CW  gyrotrons  for  future  fusion-reactor  type  electron  cy¬ 
clotron  resonance  heating  (ECRH)  systems  requires  the  use 
of  high-order  asymmetric  cavity  modes,  such  as  the  so-called 
whispering  gallery  modes  (WGM)  [1,  2],  The  down  conver¬ 
sion  of  these  complicated  output  modes  by  using  conventional 
in-waveguide  mode  transducers  with  highly  oversized  wave¬ 
guide  diameter  is  practically  impossible  due  to  the  extreme 
mode  competition  involved.  At  reduced  diameters,  the  possi¬ 
bility  of  RF  breakdown  in  the  waveguide  may  be  inevitable. 
Thus  the  improvement  of  the  conversion  efficiency  of  quasi- 
optical  mode  transducing  antennas  (»?  w  80%)  [3]  which  di¬ 
rectly  convert  rotating  WGM  into  a  linearly  polarized  colli¬ 
mated  free-space  Gaussian  beam  is  of  particular  importance 
for  the  future  prospects  of  ECRH.  For  cold-test  measurements 
on  such  improved  high-power  quasi-optical  WGM-to-TEMoo 
mode  transformers  pure  WGM  are  required. 

Gyrotrons  capable  of  generating  power  levels  up  to  1  MW 
at  120  GHz  or  140  GHz  are  currently  under  development  at 
VARIAN  [2].  The  design  of  these  tubes  is  based  on  an  inter¬ 
action  circuit  which  employs  TEi3,j,i  at  120  GHz  and  TEjs^i 
at  140  GHz,  respectively.  The  present  paper  describes  opti¬ 
mization  computations  on  two-stage  in-waveguide  mode  con¬ 
verters  with  suitable  periodic  wall  deformations  to  generate 
these  rotating  modes  (at  the  corresponding  frequencies)  from 
the  easily  available  circular  electric  TEoi  mode.  At  low  power 
levels  this  in- waveguide  mode  conversion  from  the  lowest  order 
circular  electric  mode  to  very  high-order  asymmetric  modes  is 
feasible,  since  optimum  waveguide  diameters  can  be  chosen. 

GENERA  DESIGN  CONSIDERATIONS 

Wall  deformations  with  suitable  azimuthal  symmetry  that  ro¬ 
tate  around  the  waveguide  axis  (corkscrew  type)  may  be  used 
to  directly  convert  an  unpol&rized  circular  electric  TE0«  mode 
to  a  given  rotating  TEn^i  mode  [4,  5].  At  the  waveguide  wall 
the  phases  of  two  modes  with  phase  constants  fa  and  fa  and 


azimuthal  mode  numbers  mi  and  mj  are  at  any  time  equal 
on  a  helix  of  the  Am-th  order  such  as: 

Ap  •  z  +  Am  •  <p  =  const ,  (1) 

where  A/3  =  fa  —  fa  and  Am  =  m2  —  mi.  Small  wall  distor¬ 
tions  with  a  constant  amplitude  along  this  helix: 

a(z,<j>)  =  a0[l  +  ecos(A/9  -z  +  Am  •  <f>)]  (.?) 

create  a  periodic  coherent  (selectiv)  coupling  between  the  two 
considered  modes.  This  perturbation  has  both  cosine  and  sine 
oriented  components.  Pt g  =  2x/A p  =  Xg  (beat  wavelength) 
is  the  effective  period  (pitch)  of  the  deformation.  The  shape 
of  one  period  of  a  12-fold  distortion  is  shown  in  Fig.  1.  The 
effective  coupling  factor  in  this  conversion  process  is  reduced 
by  v/2  [4].  For  periodic  coupling  between  a  stationary  polar¬ 
ization  and  TE0„  using  a  non-rotating  deformation,  however, 
the  effective  coupling  is  reduced  by  a  factor  of  two  [6].  The 
difference  between  the  effect  of  the  rotating  deformations  and 
that  of  non-rotating  perturbations  lies  in  the  possibility  of 
discriminating  against  one  sense  of  rotating  polarization  [4, 
5],  Conversion  to  the  other  sense  of  polarization  requires  a 
deformation  rotating  with  the  opposite  sense. 

Contrary  to  some  expectations,  a  rotating  distortion  does 
not,  in  general,  permit  conversion  between  a  rotating  polar¬ 
ization  of  one  mode  and  a  stationary  polarization  of  a  different 
mode.  In  particular,  the  direct  conversion  TEn  (stationary) 
to  TEm,i  (rotating)  does  not  seem  possible  [4].  Nevertheless, 
conversion  with  high  efficiency  between  a  circular  symmetric 
TEo„  mode  and  a  rotating  TEm,»  mode  is  possible  [5].  The 
choice  of  the  intermediate  TE0,  mode  in  the  two-step  TE0i- 
to-TE0,-to-TEm3  conversion  sequence  is  totally  determined 
by  the  requirements  of  the  2nd  stage  since  highly  efficient 
rippled-wall  TEoi-to-TEo»  mode  transducers  are  feasible  [7j. 

COMPUTATIONAL  MODE  CONVERTER 
OPTIMIZATION 

Due  to  the  competition  from  unwanted  spurious  modes,  the 
parameters  of  the  inner  waveguide  surface  in  a  mode  trans¬ 
ducer  with  periodically  perturbed  walls,  such  as  the  pertur¬ 
bation  amplitude  a<,£,  converter  length  L  =  JV  •  A,  (N  being 
the  number  of  geometrical  periods  A„)  and  shape  of  wall  de¬ 
formation,  have  to  be  optimized  in  order  to  get  a  very  high 
conversion  efficiency.  In  the  case  of  small  waveguide  dis¬ 
tortions  (low  coupling  per  wavelength)  the  optimization  of 
the  improved  converter  structure  can  be  studied  by  solving 
the  proper  coupled-wave  differential  equations.  The  optimum 
number  of  perturbations  is  determined  by  the  need  for  limiting 
the  conversion  to  undesired  modes  as  well  as  by  limitations  on 
the  conversion  rate  to  the  desired  modes;  this  depends  on  the 
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▼uiioui.  values  of  Icm./A^nul  for  the  different  modes  (<^**  are 
the  coupling  coefficients).  The  coupling  coefficients  that  we 
use  [8]  are  somewhat  different  from  those  of  [4].  Mechanical 
tolerances  and  machining  facilities  have  to  be  taken  into  ac¬ 
count  during  the  optimization  calculations.  The  average  inner 
converter  diameters  were  chosen  to  be  D0—2a0  =  17.475  mm 
(waveguide  norm  C120)  and  D0  =  2oo  =  16.25  mm  (C129) 
since  these  diameters  are  below  the  cutoff  diameters  of  TEuj2 
at  120  GHz  and  TEis.j  at  140  GHz,  respectively. 

The  optimization  commutations  for  the  two  conversion 
stages:  TEoi-to-TEo*  and  TEoo-to-TEmj  revealed,  that  the 
most  appropriate  TEo,  mode  is  TEos  for  generation  of  TEu,? 
at  120  GHz  and  TEor  for  production  of  TEi5,2  at  140  GHz. 

The  parameters  of  the  corkscrew  type  TE0l,-to-TEm3  (ro¬ 
tating)  mode  converters  including  input  and  output  taper  sec¬ 
tions  were  optimized  by  numerically  integrating  the  coupled¬ 
mode  equations  for  the  following  modes: 


TEo6/TEj2,2  at  120  GHz 

TEo7/TEis,2  at  140  GHz 

TE01,  •  •  •  1 TE06 

TE01, . . . ,  TE07 

TEi2,i  and  TEi2,2 

TEis,i  and  TEis,2 

TM01, . . . ,  TM07 

TM01, . . . ,  TM07 

TMi2,i  and  TMj2,2 

TMis,i 

The  radial  coordinate  of  the  optimum  wall  contour  which 
is  schematically  plotted  in  Fig.  2  is  described  by: 
input  taper  (0  <  z  <  A.): 


a(z,  <f>)  -  flo  [1  +  e~2xZ  '  cos(^m  ’  ^  -  Aft  '  z)j 
central  part  (A,  <  z  <  (N  -  1)A„): 


o(z,$)  =  ao[l  +  ecos(Aro*0-  Aft  -.?)]  (4) 


output  taper  ((N  —  1)A„  <  z  <  NXm): 


<t>)  =  <*0  |l  +  | 

~  t^*7)  cos(Am  •  <p  —  Aft 

TEo6/TEi2,3 

TEo7/TEis,2 

at  120  GHz 

at  140  GHz 

Am 

12 

15 

e 

0.00849 

0.00491 

Aft, 

0.17169  mm"1 

0.20588  mm"1 

N 

3 

3 

length  L 

109.79  mm 

91.556  mm 

mode  purity 

99.9% 

99.8% 

ohmic  losses 

1.4% 

2.2% 

The  computed  normalized  power  in  the  TE0{  and  TE12i2 
modes  and  the  total  transmitted  power  (Ptot)  as  a  function 
of  z  along  the  optimum  120  GHz  TEo«-to-TEi3>3  mode  con¬ 
verter  are  shown  in  Fig.  3.  The  maximum  internal  level  of 
unwanted  spurious  modes  is  very  low.  The  slightly  changed 
perturbation  period  (wall  perturbation  period  A,  /  A«)  re¬ 
sults  in  a  continuous  phase  rematching  within  the  converter 
which  causes  a  reduction  of  the  remaining  TEo*  mode  content 
[6]. 

The  calculations  showed,  that  in  the  case  of  TE13|J  gener¬ 
ation  at  120  GHz  an  accuracy  of  0.01  mm  is  required,  whereas 
for  TEis,2  at  140  GHz  mechanical  tolerances  <  0.01  mm  are 
mandatory  (milling  machine  with  numerical  control  and  cor¬ 
rection  with  respect  to  the  shape  of  the  cutting  tool). 


OVERALL  TEoi-to-TE„2  (m  =  12, 15)  CONVERSION 
EFFICIENCY 

The  predicted  conversion  efficiency  for  direct  TE0i-to-TEo6 
(or  TE07)  transformation  is  approximately  98  %  [7].  The  large 
number  of  ripple  periods  (IV  «  100)  makes  those  transducers 
very  narrow  band  devices,  so  that  the  bandwidth  of  the  total 
TEoi-to-TE*,2  (m  =  12, 15)  conversion  is  only  determined  by 
these  rippled-wall  mode  transformers  (approximately  1  GHz 
FWHM).  The  overall  conversion  efficiency  is  calculated  to  be 
98%,  including  ohmic  losses.  The  output  mode  purity  of  the 
WGM  is  almost  99%. 
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Fig.  1: 

Schematic  of  12- 
fold  helical  defor¬ 
mation. 


y 


Fig.  2:  Schematic  of  the  complete  helical 
TEo*-to-TEj2p  mode  converter  wall  contour, 
including  input  and  output  taper  sections. 


Fig-  3:  Calculated  frac¬ 
tional  power  in  TEm  and 
TEtf.a  modes  and  total 
transmitted  power  (Ptot) 
as  a  function  of  z  along  the 
corkscrew  type  120  GHz 
mode  transducer  with  aver- 
age'diameter  D  =  2ao  = 
17.475  mm. 
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ABSTRACT 

The  use  of  quasi-optical  Vlasov  converters  to  pro¬ 
duce  directly  Gaussian  output  beams  from  TEqo  wave¬ 
guide  modes  has  been  studied  at  70  GHz.  Tne  far- 
field  measurements  presented  here  of  various  types 
of  these  converters,  with  and  without  their  para¬ 
bolic  mirrors,  indicate  inherent  efficiency  limita¬ 
tions  in  the  simplistic  design  originally  proposed. 


INTRODUCTION 


Table  I 

Proportions  of  the  transmitted  power  within  various 
power  levels  four  Vlasov  antennae. 


Simple-Step  Oblique-Cut  (I)Hybrid  (II)Hybrid 


-3dB 

69.5% 

43.7% 

54.9% 

59.0% 

-10dB 

84.5% 

80.3% 

81.8% 

81.3% 

—1 5dB 

86.2% 

86.8% 

84.5% 

84.7% 

The  conversion  of  the  whispering  gallery  (WG)  out¬ 
put  modes  (e.g.  TE^o),  of  the  next  generation  of 
megawatt  power,  high “frequency  microwave  sources, 
to  lower  order,  simple  modes  (e.g.  a  fundamental 
Gaussian  beam)  is,  at  this  moment  in  time,  parti¬ 
cularly  topical  since  great  interest  is  being  shown 
in  the  development  of  high  power  (>  1  MW),  higher 
frequency  (>  100  GHz)  microwave  beams  for  plasma, 
heating  and  plasma  diagnostics. 

The  use  of  quasi-optical  Vlasov  converters  to 
directly  convert  the  WG  modes  to  Gaussian 
beams  (first  proposed  as  early  as  1975,  (U)  shows 
great  potential;  it  is  simple  and  requires  no  con¬ 
versions  to  various  intermediate  modes  as  is' cur¬ 
rently  the  case  for  efficient  Gaussian  mode  con¬ 
version  even  from  a  low  order  TE02  mode  (2).  The 
overall  efficiency,  however,  can  be  relatively  low, 
only  ~  80  %  (1),  although  some  recently  reported 
results  (3)  show  enhanced  efficiencies  up  to  88  %. 

The  focus  of  the  work  presented  here  is  the  un¬ 
derstanding  of  the  operation  and  limitations  of 
Vlasov  converters.  Since  pure  WG  modes  are  both 
complicated  to  model  and  hard  to  produce  in  the  la¬ 
boratory,  we  have  used  for  the  time  teing  circularly 
symmetric  modes  and  studied  the  conversion  effi¬ 
ciencies  of  various  types  of  Vlasov  converters  (all 
results  given  here  are  for  TEg3  modes). 

Purely  for  reasons  of  nomenclature,  we  have  cal¬ 
led  the  cut  end  of  the  waveguide  a  Vlasov  antenna 
and  this,  together  with  a  parabolic  mirror,  forms 
a  Vlasov  converter. 


MEASURED  OUTPUTS  OF  VLASOV  ANTENNAE 
Four  different  types  of  Vlasov  antennae  have  been 
studied:  a  conventional  stepped-cut  (4),  an  obli¬ 
que-cut  (5)  and  two  hybrid  combinations  of  the  two 
previous  cuts  (see  figure  1).  The  far-field  radia¬ 
tion  pattern  measurements  of  only  one  of  these  an¬ 
tennae,  the  oblique-cut  one,  are  presented  in  fi¬ 
gures  2a, b  &  c.  It  is  easily  seen  that  diffraction 
effects  are  quite  strong  in  the  development  of 
the  far-field  radiation  pattern;  only,  the  power  in 
the  central  crescent  can  be  regarded  as  important 
since  only  it  can  be  converted  by  a  parabolic  mirror 
into  a  fundamental  Gaussian  beam. 

The  measured  proportions  of  the  total  power  which 
is  contained  in  this  central  semi-circle  is  given  in 
Table  I. 


Thus  with  these  types  of  Vlasov  antennae  about  86  % 
of  the  total  power  can  be  regarded  as  useful. 


MEASURED  OUTPUTS  OF  VLASOV  CONVERTERS 

The  output  beams  from  combinations  of  the  four 
Vlasov  antennae  and  a  number  of  parabolic  mirrors 
have  been  studied.  Figures  3a, b  &  c  show  the  mea¬ 
sured  output  patterns  using  an  oblique-cut  anten¬ 
na  and  a  parabolic  mirror,  whose  focal  length 
equalled  the  outer  waveguide  radius  (here,  16  mm). 

The  measured  output  beams  are  normally  not  circu¬ 
lar  and  often  have  irregularities,  thus  it  is  not 
immediately  obvious  what  percentage  of  the  power 
will  couple  to  fundamental  Gaussian  beams.  As  a 
guide  to  the  overall  efficiency,  the  proportions  of 
the  total  power  which  occur  in  the  central  output 
beam  are  shown  in  Table  II,  for  the  four  different 
antennae  types. 

Table  II. 

Proportions  of  the  transmitted  power  within  various 
power  levels  for  four  Vlasov  converters,  each  with 
a  16  mm  focal  length  parabolic  mirror. 


Simple  Step  Oblique-Cut  (I)Hybrid  (II)Hybrid 


-  3dB 

60.3% 

63.2% 

50.8% 

50.6% 

-10dB 

78.0% 

76.8  % 

76.2% 

77.1% 

-15dB 

81.6% 

80.7% 

80.6% 

80.6% 

These  results  lead  one  to  anticipate  only  about 
80  %  total  efficiency  for  conventional  Vlasov 
antennae  and  parabolic  mirrors. 

CONCLUSIONS 

We  have  considered  here  one  of  the  simplest  cases 
of  a  Vlasov  converter,  i.e.  conversion  from  the 
symmetric  TE0o  mode  to  a  Gaussian  beam,  and  still 
the  overall  efficiency  is  estimated  to  be  only 
about  80  %.  Even  with  a  phase  corrected  "parabolic" 
mirror,  the  efficiency  should  not  be  more  than 
86  %  (the  useful  power  shown  in  Table  I). 

One  way  to  improve  the  conversion  efficiency  is 
to  tailo  the  edges  of  the  Vlasov  antenna  so  as  to 
decrease  the  diffraction  effects  (as  done  in  (3)). 
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Ultimately  one  can  say  that  Vlasov  converters 
are  particularly  promising,  even  with  the  presently 
reported  low  efficiencies  of  ~  80  %,  since  at 
high  power  densities  and  high  frequencies  there  are 
few  alternatives,  but  the  full  potential  of  these 
converters  has  not  yet  been  achieved. 
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Fig.  1:  Four  different  Vlasov  Antennae: 

(a)  Simple-Step,  (b)  Oblique-Cut, 
(c)  (I)  Hybrid  and  (d)  (II)  Hybrid. 
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Fig.  2(b):  Power  contour  levels  for  the  Oblique-Cut 
antenna. 
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Fig.  3(b):  Power  contour 
converter. 


levels  for  the  Oblique-Cut 


Fig.  2(c): 

Measured  electric  fields 
for  the  Oblique-Cut 
antenna. 


Fig.  3(c): 

Measured  electric  fields 
for  the  Oblique-Cut 
converter. 
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ABSTRACT 

The  high  frequency  absorption  in  crystalline  and  polycrystalline  materials 
arises  mainly  from  sharp  lattice  vibrations,  or  due  to  the  tail  effect  of  the  intense 
lattice  vibration  absorption  peak.  In  polycrystalline  material  there  are  also  other 
sources  of  absorption  such  as  amorphous  region  continuum.  A  monatomic 
material  such  as  diamond  or  diamond  like  silicon  has  a  simple  cubic  structure  and 
the  lattice  vibration  absorption  peak  appears  at  a  very  high  frequency  (Infrared 
frequency  region  20,000  -  40,000  GHz).  The  280  GHz  region  is  then  completely 
free  from  the  tail  effect  of  lattice  vibration  absorption  peak.  If  one  can  prepare  a 
specimen  of  such  a  material  in  which  other  millimeter  wave  absorption  processes 
are  compensated,  the  window  will  have  negligible  absorption  at  280  GHz. 

New  results  on  varieties  of  classes  of  window  materials  such  as  alumina, 
sapphire,  boron  nitride  and  high  resistivity  silicon  will  be  compared.  The  loss 
tangent  value  of  a  hyperpure  compensated  silicon  at  280  GHz  is  about  40  percent 
less  compared  to  presently  used  window  material,  the  single  crystal  sapphire. 
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The  free  electron  cyclotron  resonance  laser, 
based  on  conversion  of  synchrotron  radiation  to  a 
coherent  oscillation,  operates  at  an  extremely  high 
harmonic  with  a  frequency  of  about  0.39pi^cuc,  with 
%  the  transverse  relativistic  factor  andcjc  the 
relativistic  cyclotron  angular  frequency.  By  intro¬ 
duction  of  the  field  amplitude  spontaneous  modified 
coefficient  and  by  local  expansion  of  the  interaction 
light  field,  the  linear  efficiency  and  the  start-up 
current  are  derived.  It  is  shown  that  this  device 
possesses  a  striking  narrow  width  of  the  efficiency 
profile  and  so  can  successfully  oscillate  on  a  single 
longitudinal  mode  to  produce  light  output  of  good 
coherence. 


